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Measurements of the polarization of the Cosmic Microwave Background (CMB) have
the potential to provide very strong evidence for cosmic inflation. However, the polarization
signal that is expected to have been created by inflation is extremely small. This has motivated
the construction of extremely sensitive instruments with thousands of cryogenic detectors.
Simons Array is a CMB polarization experiment comprised of three telescopes located
in northern Chile and each containing a cryogenic receiver. The Simons Array will observe
in four frequency bands in order to measure the CMB signal as well as polarized foreground
signals. The design of the detectors and readout system has been optimized to provide a low noise
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measurement and an experiment that can observe in varying weather conditions. Characterizing
the detectors and readout system has been a crucial part of the development of the Simons Array
receivers.
This dissertation describes the development and deployment of the Simons Array experi-
ment with a focus on characterization of the cryogenic detector and readout electronics.
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Chapter 1
Introduction
In this chapter, I lay out our basic understanding of cosmology and how that motivates
observations of the Cosmic Microwave Background (CMB).
1.1 The Expanding Universe
Our current model of cosmology is fundamentally based on three assumptions: that
General Relativity accurately describes the large scale dynamics of the universe, that the universe
is homogeneous and isotropic, and that the energy density of the universe is comprised of four
components: non-relativistic matter, radiation, non-relativistic dark matter, and dark energy.
There are three possibilities for the spatial curvature of an isotropic and homogeneous
universe: positively curved, flat, and negatively curved. The curvature is determined by the ratio
of the total energy density in the universe, ρ, to the critical energy density, ρc. This ratio is often
labeled Ω. If Ω is greater than, equal to, or less than one, then the geometry of the universe of
negatively curved, flat, or positively curved, respectively. The best measurements of the geometry
of the universe indicate that the universe is spatially flat and come from a combined analysis of
measurements of the CMB temperature and polarization anisotropies, gravitational lensing, and
baryon acoustic oscillations [8].
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The energy density also governs the dynamics of the universe through Friedmann’s
equation [9]:
H(t)2 =
8piGρ(t)
3
− k
2
a(t)2
. (1.1)
The scale factor, a(t), represents the size of the universe, k represents spatial curvature and is zero
for a flat universe, and H(t) is the Hubble parameter, given by:
H(t) =
˙a(t)
a(t)
. (1.2)
The over-dots in Eq. 1.2 represent derivatives with respect to time.
Three components contribute to the energy density of the universe: non-relativistic matter,
radiation, and dark energy. Their energy densities are functions of the scale factor. In a spatially
flat universe, the energy densities of these three components, respectively, are:
ρm(t) = ρm,0
( a0
a(t)
)3
, (1.3)
ργ(t) = ργ,0
( a0
a(t)
)4
, (1.4)
and
ρΛ(t) = ρΛ,0. (1.5)
The subscript 0 is used to denote the value of the parameter at present and a0 is conventionally
set to unity without any loss of generality.
The scale factor can increase or decrease with time, corresponding to an expansion or
contraction of the universe. For a spatially flat universe dominated by radiation, matter, and dark
energy, respectively, the scale factor is given by:
a(t) =
( t
t0
)2/3
(1.6)
2
a(t) =
( t
t0
)1/2
(1.7)
a(t) = eH(t−t0) (1.8)
For small and large enough values of a(t), the total energy density will be dominated by radiation
and dark energy, respectively.
Eq. 1.4 implies that the temperature of a photon gas scales inversely with a(t). This effect
is known as cosmological redshift and is defined in analog to the Doppler shift as
1+ z =
λobs
λemit
, (1.9)
where z is redshift, λobs and λemit are the wavelength of the photon when it was observed at the
present time and emitted at time temit , respectively. In a flat universe, a grows monotonically with
time and the redshift can be used as a proxy for the lookback time to the emitter.
State-of-the-art measurements of the CMB, distant supernovae, and large scale structure
indicate that we live in a universe that is spatially flat with an energy content that is composed of
about 4% luminous matter, 27% non-luminous matter, and 69% dark energy [8]. There is also
strong evidence of the existence of non-luminous matter and dark energy from measurements of
the local universe [10, 11].
Inflation
Inflation is a period of hypothesized accelerated expansion in the very early universe [12].
It has the potential to explain the observed flatness and isotropy of the universe as well as the
small over and under densities in the early universe that led to the growth of large scale structures
and the temperature and polarization anisotropies in the CMB.
Inflation would have created tensor modes in the spacetime metric of General Relativity
(called inflationary gravitational waves). Tensor modes would create a particular pattern in the
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temperature and polarization of the CMB. The CMB temperature anisotropies are dominated
by the signal from acoustic oscillations except at large angular scales. The polarization signal,
however, is not affected by acoustic oscillations, so it is a more sensitive probe of tensor modes
than the temperature anisotropies. The ratio of power in tensor modes to power in scalar modes is
given by r. The current best constraints on r are r< 0.06 and come from the BICEP collaboration
using CMB data from the BICEP2/Keck experiments, WMAP, Planck, and other data [13].
1.2 The Cosmic Microwave Background
Photons and matter were held in thermal equilibrium in the early universe through
Thomson scattering. This was an efficient coupling mechanism because the universe was very
hot and nearly every electron was unbound to an atomic nucleus. As the universe expanded, it
cooled to the point that neutral hydrogen could form (∼3700 K), an event that is referred to as
recombination. This resulted in a dramatic decrease in the density of free electrons and in the
electron-photon scattering rate. The thermal photon gas essentially decoupled from matter at that
point in time.
The CMB was first detected by Arno Penzias and Robert Wilson in 1964 when they
noticed an isotropic excess antenna temperature in the 20-foot horn reflector antenna at the
Crawford Hill Laboratory in Holmdel, New Jersey [14]. It was soon realized that this 3.5 K
signal was relic radiation from the early universe [15]. Their discovery began a nearly thirty
year campaign to precisely measure the temperature of the CMB, which culminated with the
measurement of the CMB blackbody spectrum using the FIRAS instrument on the COBE satellite.
The CMB spectrum was determined to be that of a 2.725±0.002 K blackbody [16, 17].
With the results from COBE/FIRAS, we learned that the temperature of the CMB is
remarkably constant across sky, with fluctuations on the order of one part in 100,000. At first
glance, this result seems highly improbable. Patches of the sky that are separated by more
4
than about 2 degrees were out of causal contact during recombination, yet the entire CMB sky
appears to have been in thermal equilibrium at some point before recombination. However, this
contradiction disappears if there was a period of accelerated expansion before recombination, i.e.
inflation. Inflation shrinks the comoving Hubble radius, meaning that patches of the sky that were
out of causal contact during recombination, could have been in causal contact much earlier.
1.2.1 Temperature Anisotropies
With the first detection of temperature anisotropies [18] and subsequent measurements,
the predictions of acoustic waves sourced by slight over and under densities in the early universe
were validated [19]. And after two decades of continued pursuit of higher precision measurements,
the Planck satellite has mapped the temperature anisotropies of the CMB over the entire sky with
the highest precision to date [20], allowing for high precision statistical studies of the CMB and
ΛCDM.
Measurements of the CMB temperature are typically decomposed into a basis of spherical
harmonics:
T (nˆ) = ∑`
,m
a`mY`m (1.10)
Under the assumption of Gaussianity and isotropy, an angular power spectrum of the a`m coeffi-
cients contains all of the information in the CMB. The power spectrum is defined as:
C` =
1
2`+1
`
∑
m=−`
a∗`ma`m. (1.11)
Peaks in the angular power spectrum represent modes of the acoustic oscillation that were maxi-
mally compressed/expanded during recombination. The physical size of the longest wavelength
mode is given by the ratio of the sound speed to the Hubble parameter. The lowest-` peak
corresponds to the longest wavelength oscillating mode and its angular size is set by the physi-
cal wavelength of the mode and the angular diameter distance to the surface of last scattering.
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Figure 1.1: Map of temperature anisotropies of the CMB [1]. The plane of the Milky Way is
visible as a broad horizontal band through the center of the map.
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Figure 1.2: CMB temperature anisotropy power spectrum measurements and best-fit cosmolog-
ical model (top) and residuals (bottom) from [2]. D` is related to C` by D` = `(`+1)C`/(2pi).
Note the change in horizontal and vertical axes at the dashed line at `=30.
Higher-` peaks are harmonics of the low-` peak. The suppression of power at high ` is referred to
as Silk damping.
1.2.2 Polarization
The CMB is also very slightly polarized by quadrupolar temperature anisotropies at the
surface of last scattering [9]. The polarization field can be decomposed into an orthogonal,
coordinate independent basis of parity symmetric E-modes and parity antisymmetric B-modes.
Analogously to temperature anisotropies, CMB polarization is commonly characterized by its an-
gular power spectra, CEE` and C
BB
` . E-mode polarization was created by the same phenomenon that
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Figure 1.3: CMB E-mode power spectrum measurements and best-fit cosmological model (top)
and residuals (bottom) from [2]. Note the change in horizontal and vertical axes at the dashed
line at `=30.
created temperature anisotropies (i.e. acoustic oscillations). B-mode polarization is hypothesized
to have been created by gravitational waves from inflation [21].
Additionally, B-mode power exists at small angular scales due to conversion of E-modes
to B-modes by gravitational lensing. Gravitational lensing of the CMB provides information
about the integrated matter density along the line of sight, which can be used to constrain the
neutrino mass [22].
The goal of many modern CMB experiments is to detect the expected low-` B-mode
signal from inflationary gravitational waves and to more precisely measure the high-` B-mode
signal from gravitational lensing.
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Figure 1.4: Compilation of B-mode measurements from nearly two decades of CMB polariza-
tion measurements. Four experiments to date have measured the high-` signal from gravitational
lensing. The ”PB (wide)” data shown are foreground subtracted for display only. Please see [3]
for details of the foreground model. Image credit: Yuji Chinone.
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1.2.3 Polarized Galactic Foregrounds
Polarized foregrounds constitute one of the biggest challenges to high-fidelity measure-
ments of the B-mode power spectrum. Because the power in B-modes is so small, even a small
polarized foreground signal can dominate the polarization measurement. There are two main
sources of polarized foregrounds in our galaxy, both of which are affected by the local alignment
of the galactic magnetic field.
Synchrotron emission is created by cosmic electrons that are accelerated in the local
magnetic field. Synchrotron has an intensity that declines with frequency with a spectral index
of approximately -3. Polarized thermal dust emission is the result of spinning, asymmetric
dust grains aligning with the local magnetic field and emitting thermally with a polarization
preferentially aligned with their long axes. Polarized thermal dust emission gets stronger at higher
frequencies.
Unfortunately, it does not appear to be possible to avoid galactic foregrounds by observing
in unaffected patches of sky. This is because the effect is caused by locally aligned magnetic fields,
and an empty part of the galaxy likely has a more aligned magnetic field. The path forward for
CMB B-mode studies is to better understand the spectral and spatial dependence of the foreground
sources and to make judicious choice of frequencies with which to observe the CMB. Current
experiments are observing in a wide frequency range, covering nearly an order of magnitude
above and below the peak frequency of the CMB, in order to both measure polarized foregrounds
and measure the CMB in the bands of lowest contamination.
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Chapter 2
POLARBEAR-1 Large Patch
POLARBEAR-1 (PB-1) is a Cosmic Microwave Background (CMB) polarization ex-
periment that observed from northern Chile between 2012 and 2016 [23]. PB-1 has reported
measurements of the B-mode power spectrum over the multipole range of `=50-2100 [24, 25, 3]
and has provided evidence for gravitational lensing of the CMB including the first measurement
of gravitational lensing using CMB data alone [26, 27]. The low ` measurements reported in
[3] were facilitated by the installation of a continuously rotating ambient-temperature half-wave
plate [28]. In this section, I give a description of the PB-1 experiment and the telescope pointing
analysis that I performed for [3].
2.1 Instrument Overview
PB-1 observes from the Huan Tran Telescopes (HTT), which is an off-axis Gregorian-
Dragone telescope with a 2.5 m primary mirror. This diameter provides 3.5′ resolution at 150
GHz, allowing PB-1 to probe multipoles up to `∼ 2500, which is well above the lensing peak
at `∼ 1000. Together with the optics of the receiver, PB-1 has a large diffraction limited field
of view of about 2.3 degrees. HTT’s lower boom includes two electronics enclosures called
saddlebags. These are used to house the ambient-temperature detector readout electronics as well
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Figure 2.1: Pictures of HTT at its Chilean observing site taken in 2014 by the author.
as equipment for instrument calibration and monitoring.
Light enters the receiver through a 30 cm thick Zotefoam window. The first optical
elements are an IR filter stack and a cryogenic half wave plate. The IR filter stack is used
to divert optical power away from the subsequent elements. The cryogenic half wave plate
is used to modulate the polarization of the incoming light. Since the atmospheric signal is
expected to be predominantly unpolarized, this allows for separation of cosmic polarization from
atmospheric intensity. Light is then reimaged by three cryogenic lenses and a set of hemispherical
lenslets onto 1,274 Transition Edge Sensor (TES) bolometers each with band-defining, on-
chip filters. The TESs convert the optical power to a current signal, which is read out using
Superconducting Quantum Interference Devices (SQUIDs) in the Digital Frequency Multiplexing
(DfMux) architecture with a multiplexing factor of eight.
The PB-1 receiver is cooled by two refrigerators. The first is a two-stage PTC with
temperature stages of 50 K and 4 K. The 50 K stage is used to cool the IR filter stack and the
CHWP and as a buffer to the 4 K stage. The 4 K stage cools the reimaging lenses, a cryogenic
aperture stop, and the SQUID amplifiers. Cooling the optics of the receiver reduces the total
optical power on the detectors, which reduces both the photon noise and the intrinsic detector
noise. Cooling the SQUIDs is necessary for their operation and to achieve low readout noise.
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Figure 2.2: A schematic and pictures of the PB-1 receiver. Top: PB-1 receiver cutaway. Light
enters the receiver from the right, passes through IR filters, a cold stop, and reimaging lenses
before arriving at the 250 mK focal plane. Bottom right: PB-1 focal plane tower, each hexagon
is a TES wafer with 182 TES bolometers. Bottom left: A disassembled PB-1 TES wafer with
close-up views of the TESs and antennae. All images taken from [23].
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The 4 K stage also provides a base for the second refrigerator, a three-stage 3He and 4He
adsorption fridge, that is used to cool the detector stage to 250 mK. The dominant detector noise
source scales with the square root of this base temperature, so it is important to make it as small
as necessary in order to reduce the detector noise below the photon noise.
2.2 Large Patch
In February 2014, an anti-reflection coated, single-crystal sapphire, continuously-rotating
half-wave plate (HWP) was installed at the focus of the HTT primary mirror [28]. The half-wave
plate was continuously rotated at 2 Hz to reduce the impact of low-frequency noise, allowing for
a measurement of the polarized CMB at multipoles down to `=50, below the expected peak of the
IGW B-mode signal at `∼100.
Observations using the HWP began in July 2014 and continued through December 2016.
PB-1 used constant elevation scans (CES) at elevation angles of 30◦, 35.2◦, and a range between
45.5◦ and 65.5◦ to observe a 670 square-degree patch of sky near the south celestial pole. This
patch was chosen because of its overlap with South Pole experiments such as BICEP, the Keck
Array, and SPT. Each CES lasted approximately four hours and a map of the patch was produced
every ten days. Calibration measurements were performed when the patch was not visible,
include dedicated observations of astrophysical and terrestrial sources for pointing, beams, gains,
polarization angle, and detector time constants. Pointing reconstruction will be covered in detail
in Sec. 2.2.1.
The effects of systematics were studied by comparing simulated power spectra with and
without the systematic implemented. A signal-only sky map was simulated and scanned to
produce simulated TOD. The systematic under study was used to distort the TOD. Then the
TOD was made into a map and a power spectrum was produced using the same analysis pipeline
as was used for real data. A power spectrum was similarly made from the undistorted TOD
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Figure 2.3: The B-mode power spectrum from [3]. The solid and dashed lines are the power
from the best-fit cosmological and foreground models, respectively. D` is related to C` by
D` = `(`+1)C`/(2pi).
and the difference of the two power spectra was taken to be the effect of the systematic. The
systematics considered are expected to be mostly uncorrelated, but their linear sum was computed
when calculating their combined effect on the B-mode power spectrum, therefore this is likely a
pessimistic expectation for the effect of systematics in this data set. It was found that the B-mode
power spectrum was dominated by statistical noise in all ` bins.
These observations produced polarization maps with an effective map depth of 32 µK-
arcmin, which are the deepest produced to date using a continuous polarization modulator. The
sensitivity of the measurement was not affected by low-frequency drift above `=90. The CBB`
spectrum (Fig 2.3) is consistent with ΛCDM and a single component foreground model and
disfavors the CBB` = 0 hypothesis at 2.3 σ. Using this data set alone, we place an upper limit on
the tensor-to-scalar ratio of r < 0.9 at 95% confidence.
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2.2.1 Large Patch Pointing Analysis
Telescope pointing refers to the sky position that the telescope is observing in telescope
coordinates of azimuth and elevation. Pointing information recorded during CMB observations is
used to convert the recorded data into a CMB map. Due to structural imperfections and telescope
flexure as well as changes in observing conditions over time, the position reported by the azimuth
and elevation encoders of HTT do not match exactly the true telescope pointing. This is a common
effect in astronomical observations and the process of measuring and mitigating this effect is
known as pointing reconstruction. A random offset between the measured pointing and true
pointing degrades the resolution and the high-` sensitivity of the instrument.
Pointing error is parameterized by an azimuth and elevation offset, ∆Az and ∆El, respec-
tively. We measure the pointing offsets with observations of bright point and extended sources
with known, fixed positions in right ascension (RA) and declination (DEC). The known RA
and DEC are converted to the expected azimuth and elevation, Azexpected and Elexpected , using
knowledge of the precise time and location of the observation. The difference between the
measured and expected azimuth and elevation positions are the pointing offsets:
∆Az = Azmeasured−Azexpected (2.1)
and
∆El = Elmeasured−Elexpected. (2.2)
The goal of pointing reconstruction is to use the measured values of ∆Az and ∆El to
determine the true pointing of the telescope. The pointing offsets will, in general, be functions of
the azimuth and elevation of the telescope, and may also depend on environmental or other factors.
We want to determine both the form of the pointing model and the values of the model parameters.
A figure of merit for the success of pointing reconstruction is given by the root-mean-square
(RMS) of the pointing offsets after a pointing model has been applied to calculated Azexpected and
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Elexpected
I performed pointing reconstruction analysis for the PB-1 large patch data set following
the analysis in [29]. All analyses use five pointing model terms that are used to model structural
imperfections of the telescope. These terms depend on the azimuth and elevation reported by the
telescope encoders and are not functions of time. There are two terms to account for an offset in
the zero point of the azimuth and elevation encoders (ia and ie), one term to account for an offset
of the optical axis relative to the azimuth encoder (ca), and two terms to account for a tilt in the
azimuth axis relative to a plane tangential to the surface of the Earth (an and aw). An additional
term to account for small inaccuracies of the GPS clock used to record observation times was
also used for all pointing analyses (dt).
Significant improvements in pointing reconstruction can be achieved by including terms
in the pointing model that model the effects of environmental conditions, such as temperature
and insolation [29]. In addition to the six model terms listed, [29] provides six more terms that
can be used to account for environmental conditions. These terms are: linear offsets in azimuth
and elevation proportional to the measured ambient temperature (te1 and ta1), offsets due to
insolation that depend on the position of the sun relative to the boresight of the telescope (sa and
se), and offsets that depend on the measured solar irradiance at the HTT site and the suns position
relative to the boresight (sai and sei). Generally, these six terms are intended to account for
flexure of the telescope structure due to heating from the sun. The sai and sei terms are intended
to account for the same effects as the other four terms, so I do not use all six terms simultaneously.
These pointing models were fit to observations of Jupiter and bright point-like and
extended sources that were chosen from [30, 31] based on their expected brightness at 150 GHz
and their positions in azimuth and elevation during transit. In order to achieve a good pointing
model fit, it is necessary to use many sources that are distributed throughout the azimuth and
elevation positions that are used during CMB observations. The azimuth and elevation positions
of the pointing observations are shown in Fig. 2.4.
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Table 2.1: The pointing model parameters are listed here, along with their effects on the azimuth
and elevation pointing offsets. The first set of six parameters accounts for structural imperfections
and timing offsets. The next set of four terms accounts for flexure due to temperature gradients
and insolation. The last set of two parameters also accounts for flexure due to temperature
gradients and insolation, but with fewer terms.
Parameter Description ∆Az ∆El
ia Azimuth encoder offset cos(Az) 0
ie Elevation encoder offset
and collimation error
0 -1
ca Azimuth collimation
error
-1 0
an Azimuth axis tilt
toward north
sin(Az)sin(El) cos(Az)
aw Azimuth axis tilt
toward west
−cos(Az)sin(El) sin(Az)
dt Timing error in hour
angle direction
cos(Az)cos(lat) tan(El)
−sin(lat)
−cos(lat)sin(Az)
ta1 Flexure in elevation
due to temperature
T 0
te1 Flexure in azimuth
due to temperature
0 T
sa Flexure in elevation from
differential insolation
sinθs sinφs 0
se Flexure in azimuth from
differential insolation
0 sinθs cosφs
sai Flexure in azimuth
due to solar irradiation
(Is/Is,0)(1/4) sinθs sinφs 0
sei Flexure in elevation
due to solar irradiation
0 (Is/Is,0)(1/4) sinθs cosφs
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Figure 2.4: Azimuth and elevation positions of the pointing observations used for this analysis.
The left column includes only fixed sources and the right column includes fixed sources and
Jupiter.
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In order to determine which pointing model and set of observations produced the best
pointing reconstruction, I performed the pointing model reconstruction three times with different
combinations of pointing model terms and source types. The pointing models used are referred to
as the ”ten parameter model” and ”eight parameter model.” The ten parameter model uses the
five structural imperfection terms (ia, ie, ca, an, aw), the timing error term (dt), and four of the
environmental terms (te1, ta1, se, se). The eight parameter model uses the same five structural
imperfection terms and one timing error term, and the two insolation terms (sei and sai). The ten
parameter model was fit to the fixed sources only and the eight parameter model was fit to fixed
sources only and fixed sources and Jupiter. Including Jupiter in the analysis tended to increase the
total pointing RMS without improving the azimuth and elevation coverage of the observations
dramatically. We decided to use only the dedicated pointing scans for the pointing reconstruction
analysis. The ten parameter and eight parameter models produced similar results when fitting
the fixed source data, with an overall pointing RMS of about 50”, which was sufficiently small
for the ` range of this study. The eight parameter model more naturally takes into account the
effects of solar heating on the telescope and produces similar results with fewer parameter, so it
was chosen as our fiducial pointing model. Further improvements to the pointing model will be
required for higher ` analysis in order to further reduce the pointing RMS.
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Chapter 3
The Simons Array
The Simons Array is an expansion of POLARBEAR-1 (PB-1) to three telescopes.
Each telescope will contain an individual cryogenic receiver called POLARBEAR-2a (PB-2a),
POLARBEAR-2b (PB-2b), and POLARBEAR-2c (PB-2c) with a six-fold increase in detector
count and a five-fold increase in multiplexing factor compared to PB-1, a continuously-rotating
half-wave plate, a dedicated Pulse Tube Cryocooler (PTC) for the receiver optics, and increased
frequency coverage, with observing bands centered at 90, 250, 220, and 270 GHz. SA has two
primary science goals: to detect the low-` B-mode signal from inflationary gravitational waves
and to measure the high-` B-mode signal from gravitational lensing of the E-mode polarization
of the Cosmic Microwave Background (CMB).
3.1 Observing Site
The high altitude and arid climate of the Atacama Desert make it one of the premier
locations for astronomical observations in millimeter and sub-millimeter wavelengths. As such,
it is the home of several ongoing CMB experiments, namely POLARBEAR/SA, CLASS, ACT,
as well as the site for the future Simons Observatory and a candidate site for CMB-S4. Being a
tropical-latitude site, the Atacama Desert has access to about 80% of the sky and benefits from
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Figure 3.1: Map of sky with portion accessible from the SA observing site labeled [4]. SA will
have access to 80% of the sky and overlap with many other astrophysical surveys.
polarization modulation on day time-scales due to sky rotation.
3.2 Telescopes
The SA telescopes include the original PB-1 Huan Tran Telescope (HTT), along with two
additional telescopes that were based on the HTT design. These telescopes are off-axis Gregorian
Dragone designs with 2.5 m primary mirrors that produce a resolution of 3.5’ at 150 GHz. The
telescopes have comoving ground shields that reduce ground pickup. Along with the optics of the
receivers, this provides a diffraction-limited field of view of 2.3 degrees at 150 GHz.
Although the new SA telescopes were based on the HTT design, there were some changes
made to the mechanical structure in order to allow for improved baffling, space for additional
counterweights for the elevation axis since the SA receivers are much heavier than PB-1, and a
larger receiver enclosure and two additional saddlebags.
The saddlebags are temperature-controlled, weather-sealed electronics enclosures that
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mount to the lower boom of the telescope. They are used to hold all of the on-telescope ambient-
temperature electronics, including electronics used for detector biasing and readout, receiver
thermometry, telescope thermometry, and calibration. The saddlebags also have electronics racks
that are made from insulating polycarbonate to make it easier to control how things are grounded.
The detector bias and readout electronics are very sensitive to their grounding configuration as
well as the ambient air temperature, so both of these things are very important for good readout
noise performance.
The two new SA telescopes were fabricated in 2015 by General Dynamics. A test
assembly at the fabrication facility in northern Italy was performed in order to establish an
assembly procedure and to ensure that the telescopes were fabricated to the correct specifications.
We installed the primary and secondary mirrors, counterweights, a dummy weight to mimic
the torque of the receiver, the comoving ground shield, and the saddlebags. Pictures of the test
assembly at the fabrication facility are shown in Fig. 3.2.
The telescopes were shipped to Chile and assembled on-site in March-April of 2016.
Pictures from the on-site assembly are shown in Fig. 3.3.
3.3 Cryogenic Receivers
Each telescope contains a cryogenic receiver whose purpose is to provide a cryogenic
environment for the detectors and optics of the instrument. It is necessary to cool these components
below ambient temperature in order to measure the extremely small polarized signal of the CMB.
This section provides an overview of the design of the POLARBEAR-2 cryogenic receivers. For
more information, see [32, 33, 5, 6].
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Figure 3.2: Pictures from the factory acceptance testing of the new SA telescopes in 2015. Top
right: telescope structure before installation of the primary or secondary mirrors. A dummy
weight is installed at the end of the lower boom in order to simulate the torque from the weight
of the receiver. The unpainted steel structure on the telescope is the backing structure for the
comoving ground shield. Top left: Test installation of the primary mirror. Bottom left: Test
installation of the saddlebags. Bottom right: The fully assembled comoving ground shield. The
elevation cable wrap has also been installed. The telescope is pointing toward zenith.
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Figure 3.3: Pictures of SA telescope assembly in April 2016. Top: The author installing the
azimuth cable wrap in an SA telescope. Bottom left: An SA telescope before installation of the
primary mirror. Bottom right: An SA telescope after installation of the primary mirror.
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Figure 3.4: Receiver cutaways of PB-2a (top) and PB-2b/c (bottom). The primary difference is
that the PB-2b/c receivers have a cryogenic half wave plate inside the receiver. Images from
[5, 6]
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3.3.1 Cryogenics
Each receiver uses a pair of PTCs to reach internal temperatures of approximately 50 K
and 4 K. The 50 K stage is used to cool filters and a cryogenic half wave plate in PB-2b and PB-2c
and as a buffer for the 4 K stage. The 4 K stage is used to cool the base of the detector stage, the
Superconducting Quantum Interference Device (SQUID) amplifiers, and optical elements. One
of the PTCs in each receiver is dedicated to cooling the optics tube and the other is used to cool
the backend.
In addition to the PTCs, the receivers each contain a sub-kelvin refrigeration system
constituted of 4He and 3He adsorption refrigerators. Each of the three receivers has a slightly
different sub-kelvin cooler design, but they all provide a base temperature of approximately 0.3 K
to the detector stage. Loading on the detector stage and buffer sub-kelvin stages determines the
base temperature and hold time of the sub-kelvin refrigerators.
3.3.2 Optics
The optics of the receiver are designed in order to minimize in-band reflections, scattering
and optical loading on the detectors.
The first optical element is an ambient temperature window holds the vacuum of the
receiver. The next optical elements are an alumina filter and RT-MLI at the 50 K stage. PB-2b
and PB-2c also have a continuously-rotating cryogenic half-wave plate (HWP) that is radiatively
cooled by the 50 K stage. The three reimaging lenses, the Lyot stop, and a metal mesh low-pass
filter are cooled by the 4 K stage. Finally, there is a low-pass MMF cooled by the sub-Kelvin
refrigerator.
The optics are cooled to cryogenic temperatures in order to reduce their contribution to
the optical power incident on the detectors. The photon noise from a single element in the optical
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chain is given by [34, 35, 36]
NEPγ =
√
2
∫ ∞
0
[
hνp(ν)+ p(ν)2
]
B(ν)dν, (3.1)
where p(ν) is the power spectral density of the optical element referred to the detector input and
B(ν) is the bandpass of the detector. The power radiated by the optical element can be considered
a blackbody with emissivity less than one, so NEPγ is a strong power of temperature. A lower
optical power also means that a lower detector saturation power can be used. The detector’s
thermal carrier noise is proportional to the square root of the saturation power, so a decrease in
optical power corresponds to a decrease in thermal carrier noise.
The half-wave plate is used to modulate the linear polarization of incoming radiation.
One of the most significant sources of low-frequency drift in the incoming power signal is due to
changes in atmospheric conditions and weather. The polarized sky signal, will be modulated at
four times the rotation frequency of the HWP, which moves it away from the slow drift of the
unpolarized atmospheric signal.
3.3.3 Detectors
Each SA receiver contains over 7,500 Transition Edeg Sensor (TES) bolometers, six times
as many detectors as PB-1. TES bolometers are very sensitive optical sensors that are routinely
operated such that the dominant noise source is the photon noise of the incoming radiation. The
bolometers are optimized for observations in the 90, 150, 220, and 270 GHz band by modifying
their saturation power to accommodate the expected optical power in those observing bands.
The bolometers are fabricated on 150 mm silicon wafers at University of California
Berkeley’s Marvel Nanofabrication Laboratory. Each wafer has 271 dichroic pixels and each
pixel contains four optical bolometers for observing both linear polarizations in two frequency
bands. The observing bands are defined on-wafer with band-defining filters. The TESs are
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coupled to a sinuous antenna with a niobium microstrip. The sinuous antenna is a broadband,
polarization sensitive antenna. The beam of the antenna is collimated by a directly-contacting
hemispherical silicon lenslet [37, 38].
3.3.4 Readout
Optimized TES bolometers operate at the photon-noise limit. The only way to increase the
sensitivity of an array of single-moded detectors operating at the photon-noise limit is to increase
the number of detectors. This motivated an increase in detector count by a factor of 6. In order to
achieve this increase in detector-count while maintaining reasonable cryogenic wiring complexity,
an increase in multiplexing factor was required. PB-2 has a multiplexing factor of 40, five times
higher than that of PB-1. Increasing the multiplexing factor was achieved by using a larger
readout bandwidth, low-loss lithographed LC resonators, superconducting niobium-titanium
broadside-coupled striplines, and low input inductance SQUIDs [39, 40, 41, 42, 43, 44].
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Chapter 4
Simons Array Detectors and Readout
4.1 Transition Edge Sensor Bolometers
Cosmic Microwave Background (CMB) imaging experiments have historically used either
semiconducting or superconducting bolometers as their detectors. Bolometers are capable of
operating with low enough noise that the measurement noise is dominated by the photon noise of
the incoming optical signal rather than the detector itself [34]. This has driven CMB experiments
to increase detector counts by orders of magnitude in order to increase their total experimental
sensitivity.
Both bolometer types operate on the principle that the detector’s resistance varies with
temperature. When the optical power on the detector changes, a change in its resistance changes
the electrical signal measured. The advantage of superconducting bolometers over semiconducting
bolometers is that they are well-suited to a voltage bias, rather than a current bias, and that they
have a much stronger dependence of resistance on temperature. This gives them the ability to
be operated at high loop gain, increasing uniformity across arrays of detectors and making them
very well-suited to multiplexing [45]. Superconducting bolometers are now used by almost every
modern CMB experiment. They are commonly fabricated on 100-150 mm silicon wafers with
31
R(T )
V
A
Cold Bath
1
g
Poptical
Temperature (mK)
R
es
is
ta
n
ce
(Ω
)
Figure 4.1: Left: A simulated superconducting transition is shown. Right: A TES is operated
under voltage bias and thermally connected to a cold bath.
1,000-2,000 detectors on a single wafer. This allows for more uniform detector properties, more
efficient fabrication, and very close packing of detectors.
A schematic of a superconducting bolometer, commonly referred to as a Transition Edge
Sensor (TES), is shown in Fig. 4.1. A typical TES consists of a thin film of a superconducting
material that is weakly thermally coupled to a cold bath. The TES is operated by applying a
voltage bias to heat it to its superconducting transition temperature. In this state, a small change
of the TES temperature causes a large change in its resistance and the current driven through it. In
this way, the TES transduces temperature fluctuations into current fluctuations. In order to make
the TES an optical power sensor, it must be coupled to an optical signal. This is commonly done
by putting a load resistor coupled to an antenna in thermal contact with the TES. Optical signals
are absorbed in the antenna and dissipated on the load resistor, heating the TES and modulating
the bias current.
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4.1.1 Definition of TES Parameters
In order to simplify notation later, I will use this subsection to define a number of important
TES parameters. The parameters are summarized in Table 4.1.
The TES resistance is R. Without subscript, R refers to the operating resistance of the
TES. Rn is the normal resistance of the TES. R f rac is the fractional resistance of the TES relative
to its normal resistance, i.e. R f rac ≡ R/Rn.
Variables that change in time will be written as a sum of a steady state term, denoted with
a subscript 0, and a time-varying term, denoted with a prefix δ. For example, the steady-state
and time-varying parts of the TES resistance will be written as R0 and δR, respectively. The TES
resistance R is the sum of R0 and δR.
The critical temperature of the TES is labeled Tc, the cold bath temperature is Tb and the
TES operating temperature is T . The TES operates in its superconducting transition, so T ≈ Tc,
but T can vary slightly away from Tc during operations with finite loop gain. The heat capacity of
the TES is C, its thermal energy is E. The thermal conductance of the legs that connect the TES
to the thermal bath, g, is given by the integral of the temperature-dependent thermal conductivity
of the legs, k, between Tb and Tc. The differential thermal conductance, dPbath/dT , is labeled G.
The incident power terms associated with a TES are: Pelec, the Joule power; Popt , optical
power coupled through the load resistor; and Pbath, the power flowing from the bath to the TES
(Pbath < 0 because T > Tb). The TES saturation power, Psat is that amount of power that is required
to drive the TES above its superconducting transition temperature, given by Psat = g(Tc−Tb).
The turnaround power, Pturn, is used as a proxy for Psat during TES characterization and is defined
as the Joule power on the TES when the slope of the IV curve is zero (more on IV curves in later
parts). Pturn is typically about 10% larger than Psat for PB-2a and PB-2b detectors.
The TES power-to-current responsivity (hereafter referred to as simply ”responsivity”),
SI is given by SI ≡ dI/dPopt . The TES time constant in the absence of electrothermal feedback
is called the natural time constant, denoted by τ0, and given by τ0 = C/G. The electrothermal
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feedback enhanced TES time constant is given by τ. In the text, ”time constant” will always refer
to τ and ”natural time constant” to τ0. Electrothermal feedback is parameterized by the TES loop
gain, L , defined as L ≡ αPelec,0/GT0
4.1.2 Small Signal Response
TESs under voltage bias benefit from a phenomenon known as electrothermal feedback
(ETF). ETF stabilizes the TES in its superconducting transition, linearizes the detector’s response,
and decreases its response time. We can see this with some simple analysis based on conservation
of energy.
Energy flows into the TES from Joule heating, optical power, and the cold bath (negative
power flow because Tbath < Tc). Conservation of energy requires that the sum of these three terms
equal the change in the TES energy. This is written as:
Popt +Pelec +Pbath =
dE
dt
. (4.1)
Performing a Taylor series expansion, subtracting off steady-state terms, and moving to the
Fourier domain leaves us with the small-signal power balance equation:
δPopt− Pelec,0R0 δR = (iωC+G)δT. (4.2)
To see that ETF stabilizes the TES, let’s look at how the electrical power changes in
response to a change in optical power. To do so, I’ll substitute the two expressions below into Eq.
4.2:
α=
T0
R0
δR
δT
(4.3)
and
δR =
−R
Pelec,0
δPelec. (4.4)
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Table 4.1: Table of TES parameters
Category Description Symbol Definition
Resistance Operating resistance R
Normal resistance Rn
Temperature TES temperature T
Critical temperature Tc
Bath temperature Tbath
Power Saturation power Psat
Joule power Pelec
Optical power Popt
Power flowing to
TES from bath
Pbath
Power at turnaround
of IV curve
Pturn
Thermal
conductance
Thermal conductivity
of legs
k k0T n
Thermal conductivity
coefficient
k0
Thermal conductivity index n
Average thermal conductance g Psat/(Tc−Tbath)
Small-signal Logarithmic slope
of transition
α (T0/R0)( dRdT )|T=T0
Differential heat capacity C dE/dT
Differential thermal
conductance
G dPbath/dT
Power-to-current
responsivity
SI dI/dPopt
Natural time constant τ0 C/G
Electrothermal feedback
enhanced time constant
τ
Loop gain L (αPelec)/(GT )
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Eq. 4.3 is the first order term of the Taylor series expansion of R = R(T ) and Eq. 4.4 is the first
order term of the Taylor series expansion of Pelec = V
2
R . After these substitutions, we get this
relation
δPelec =−δPopt LL+1+ iωτ0 . (4.5)
In the limit of high loop gain, a change in optical power is exactly compensated by a change in
electrical power to keep the total incident power on the TES constant.
To look at TES linearity, we want to know the change in current caused by the change in
optical power. To do this, I’ll start with Eq. 4.2 and make two substitutions. The first substitution
is Eq. 4.3 and the second is
δR
R0
=−δI
I0
, (4.6)
which is the first order term of the Taylor series expansion of Ohm’s law. Doing so leads the the
TES responsivity, given by
SI ≡ δIδPopt =−
1
V
L
L+1+ iωτ0
(4.7)
At high loop gain, SI is a constant and the TES response is linear. The responsivity has the form
of a single pole low-pass filter with a time constant given by
τ=
τ0
L+1
. (4.8)
As the loop gain increases, the TES response time decreases.
An additional benefit of high loop gain is that it makes it easier to operate a large array of
TES bolometers. At high loop gain, the TES responsivity asymptotically approaches
SI =
−1
V
. (4.9)
An array of TES bolometers acts uniformly, with their response depending only on the voltage
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bias applied to them and not on the characteristics of the individual TESs.
4.1.3 TES Noise
TESs are subject to four noise terms known as thermal carrier noise, Johnson noise,
photon noise, and readout noise. The first two are fundamental to the detector and the latter two
are due to things external to the detector.
TES noise is often described by its a noise equivalent power (NEP) on the TES. NEP is
defined as the signal power required in a half-second of integration time to achieve a signal-to-
noise ratio of 1. It is also common to refer TES noise to the temperature of the CMB sky in units
of noise equivalent temperature (NET ). The relation between NET and NEP is given by
NET =
1√
2
NEP
dP/dT
. (4.10)
The denominator in Eq. 4.10 tells you how much the optical power on the TES changes with a
small change in the CMB temperature and is dependent on the efficiency of the telescope and
receiver optics.
Thermal carrier noise is caused by the random thermal motions of thermal carriers
transmitting power between the TES and the thermal bath. Its noise equivalent power is given by
[34]:
NEPg =
√
4kbPsatTbath
√
(n+1)2
2n+3
Tc
Tb
1− (Tb/Tc)2n+3
(1− (Tb/Tc)n+1)2 . (4.11)
The optimal choice of Tc/Tb given a particular n will result in the the second term on the right
hand side of Eq. 4.11 being minimized to of order 1.
Johnson noise is created by the random thermal motion of electrons in the TES electrical
circuit. The noise equivalent power in Johnson noise is given by
NEPJohnson =
L+1
L2
√
4kbTcPelec. (4.12)
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Since Pelec ∼ Psat and the second term in NEPg ∼ 1, Johnson noise is suppressed relative to
thermal carrier noise by a factor of (L + 1)/L2. At high loop gain, Johnson noise becomes
subdominant to thermal carrier noise and isn’t an important contribution to TES noise.
Photon noise is the result of the random arrival rate of photons. It is generated by every
emissive element in the beam of the detectors. This includes the optical elements of the telescope
and receiver as well as the atmosphere and the CMB. For ground based telescopes, even in the
best observing sites in the world, the optical loading has a significant contribution from the
atmosphere. For a narrow band detector with integrated bandwidth ∆ν and band center ν0 with
optical power Popt , the photon NEP is approximated by [34, 35]
NEPγ =
√
2
√
hν0Popt +
P2opt
∆ν
. (4.13)
The term proportional to
√
Popt is due to Poisson statistics and the term proportional to Popt is
due to photon bunching. At the observing frequencies relevant for CMB observations, both terms
are important.
Readout noise is associated with biasing and measuring the TES. It is not directly caused
by the TES but is unavoidable if you want to know the signal from the TES. We will discuss
readout noise in more detail for the Simons Array (SA) readout system 4.2.6. Readout noise is
often quoted as a current noise referred to the Superconducting Quantum Interference Device
(SQUID) input coil, NEIreadout . To compare this to the other TES noise terms, we need to refer it
to power at the TES using the TES responsivity. Doing so yields
NEPreadout =
1
|SI|NEIreadout . (4.14)
The TES responsivity suppresses readout noise so that at high responsivity, the readout noise is
negligible.
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Arraying many TES detectors can result in a decrease in NEP relative to a single detector.
The NEP for an array of N detectors with equal uncorrelated white noise, NEPdetector is given by:
NEParray =
NEPdetector√
N
. (4.15)
In practice the noise will be somewhat correlated between detectors, so 4.15 represents the best
possible reduction in noise for an array of detectors.
4.2 Digital Frequency-Division Multiplexing
Multiplexing is an important technology for modern CMB experiments. It allows for the
operation of many TES bolometers without the overwhelming cost and wiring complexity that
would come with individual bolometer readout chains. Multiplexing also allows for reduced
thermal loading on the detector cryogenic stage, which relaxes constraints on the cryogenic design
of other parts of the experiment, and reduced power consumption, which is particularly important
for space-based applications where power is extremely limited.
4.2.1 Principle of Operation
PB-2 uses Digital Frequency Multiplexing (DfMux) to bias and read out sets of forty
detector channels with a single set of readout electronics and a single cryogenic cable between
the 4 K SQUID array and 250 mK detector stage (Fig. 4.2). Each detector is placed in series with
a resonant LC filter and biased with an alternating voltage of a unique frequency. Optical signals
modulate the resistance of the TESs and the resulting amplitude modulation of the bias current is
measured by a SQUID. The output voltage of the SQUID is digitized and demodulated to recover
the signals from each readout channel. An integral control loop injects a nulling signal into the
SQUID to linearize it and reduce its input impedance. Hereafter, one set of multiplexed detectors
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Figure 4.2: A schematic of the DfMux cryogenic circuit is shown. Each TES is placed in series
with a resonant LC filter and the parallel configuration of many TESs is biased with an AC
voltage. The resonant frequencies are in the range of 1.5-4.5 MHz. The current created by the
voltage bias is modulated by optical signals and the current signal is measured by a SQUID.
will be referred to as a comb.
Some important parameters to optimize in the cryogenic DfMux circuit are the values of
the detector normal resistances, inductances, and capacitances as well as the bias resistance and
the SQUID input inductance.
The TES normal resistance is set by requiring that the readout can deliver a stiff voltage
bias. The bias resistor and stray impedances act as a voltage divider with the TES. Typical values
of the stray impedance are 0.15-0.5 Ω for PB-2a and 0.15-.3 Ω for PB-2b and PB-2c. We have
chosen a TES resistance of 1 Ω and a bias resistance of 30 mΩ.
The inductance of the the resonators is set by a TES stability requirement. The electrical
time constant of an RLC resonator is given by the inverse of the half width at half maximum of
the resonance:
τelec =
2L
R
. (4.16)
In order to achieve stable TES operation, the TES time constant, τ, must be at least 5.8 times
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larger than the electrical time constant [46]:
τ≥ 5.8τelec. (4.17)
We use a single value of L = 60 µH for each resonator so that τelec will be approximately constant
for every resonator, with variations caused by variations in R from detector to detector. This
results in an electrical time constant of 0.15 ms for a TES operating at 0.8 Ω, allowing for a
minimum detector time constant of 0.9 ms.
To manipulate the resonant frequencies, we change the capacitance value of each resonator
[42]. The maximum capacitance (lowest resonant frequency) is set by constraints on the physical
size of the LC chip. Frequency spacing is chosen to keep crosstalk low and constant across an
entire multiplexed set of detectors (more on crosstalk in Sec. 4.2.3). The frequency schedule
chosen is logarithmic in the frequency range of 1.6-4.5 MHz, corresponding to capacitances in
the range of 20-155 pF.
The SQUID input coil inductance is a source of readout noise amplification [44]. In order
to minimize this, we chose a low-inductance SQUID.
The current signals are summed and inductively coupled to a Superconducting Quantum
Interference Device (SQUID) amplifier. SQUIDs are extremely sensitive devices for measuring
current signals, but they are also highly nonlinear and they present a large input impedance to
the TES. To solve both of these problems, a nulling current is supplied to the SQUID input coil.
The nulling current is chosen to be perfectly out of phase with the bias current of each detector,
resulting in zero bias current going through the input coil. This effectively zeroes the input
impedance of the SQUID and dramatically increases its dynamic range.
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Figure 4.3: The DfMux cryogenic circuit has a number of known sources of stray impedances,
shown here. The stray impedances are (from left to right): a bias inductance, Lbias; an inductance
between the bias element and the LC board and, separately, an inductance between the SQUID
and the LC board, each contributing, 12 Ls; a resistance between the bias element and the LC
board and, separately, a resistance between the SQUID and the LC board, each contributing,
1
2 Rs; a stripline capacitance, Cs; a resistance in each leg of the comb, Rs,i for the i-th leg.
4.2.2 Stray Impedance
DfMux has stray impedances in the cryogenic circuit that have important effects of
the performance of this multiplexing technology. Stray impedances are created by wiring
inductance and capacitance, dielectric loss in capacitors, and contact resistance of connectors
[47, 40, 41, 42, 43] (see Fig. 4.3 for a non-exhaustive schematic of stray impedances). Stray
impedance contributes to crosstalk [47], affects TES performance, and obcures TES parameters
[48].
4.2.3 Crosstalk
There are three primary mechanisms for crosstalk in the DfMux architecture: inductor
cross-coupling, bias carrier current leakage, and voltage division caused by stray impedance [47].
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Inductor cross-coupling refers to the coupling of the inductors in two LC resonators. A
current driven through inductor i will create a voltage across inductor j, which will drive a current
through TES j. When the current of TES i is modulated by a sky signal, the cross-coupling
current will also be modulated in TES j. This effect is suppressed by the off-resonance impedance
of channel j and the physical distance between resonators i and j. This is a subdominant crosstalk
mechanism in DfMux systems due to careful layout of the resonator chips that put neighboring
frequency resonances far from each other physically.
Current leakage refers to the the bias voltage from channel i driving a current through the
i±1 resonators due to their finite off-resonance impedance. This current is modulated by optical
signals in the i±1-th TES, but is attributed to the i-th TES when the signal is demodulated. The
ratio of the leakage current signal to the on-resonance current signal is given by:
∣∣∣ R2
(2∆ωL)2
∣∣∣. (4.18)
Stray inductance in the wiring between the bias element and the comb and the squid and
the comb can also create crosstalk by forming a voltage divider with the TESs. The bias voltage at
resonant frequency ωi is set by a voltage divider between the stray impedance and the TES. When
the TES resistance changes, the voltage bias changes slightly, which drives slightly more or less
current leakage through channels i±1. This causes Joule heating in channels i±1, modulating
the current at frequency ωi±1. The ratio of the power in channel i to the power in channel i±1 is
given by:
dPi
dPi±1
≈ Ii±1
Ii
ωi
∆ω
Ls
L
(4.19)
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Figure 4.4: Schematic of a Josephson junction and its current-voltage relation. Left: Josephson
junction, in which two superconducting leads labeled ”S” are separated by a weak link labeled
”W.” A current, I, is flowing through the junction. Right: The voltage across the junction is
plotted as a function of the I. Below Ic, current flows across the junction with zero resistance.
Above Ic, a voltage develops, indicating that the junction has a resistance.
4.2.4 Cryogenic Components
DC SQUIDs
In order to measure the very small fluctuations in current generated by sky signals on the
TES, we need a low noise, low input impedance ammeter. For this purpose, we use a DC SQUID
array (hereafter SQUID) coupled inductively to the TES current. SQUIDs are one of the most
sensitive magnetometers available [49] and, when inductively coupled to TES currents, provide
excellent amplification of small current signals. SQUIDs rely on two quantum mechanical
phenomena to transduce small changes in magnetic field to measurable voltage signals: the
Josephson effect and the quantization of flux in a superconducting loop.
The Josephson effect describes the flow of current across an junction (either a normal metal
or an insulator) in a superconducting material. At temperatures below the critical temperature of
the superconductor, a supercurrent can flow across the junction up to a maximum value of current
called the critical current. Beyond Ic, a voltage develops across the junction. This is shown
schematically in Fig. 4.4. These junctions are called Josephson junctions and the phenomenon is
called the Josephson effect.
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The second phenomenon is that the magnetic flux through a superconducting loop is
quantized in units of φ0 = h/2e, referred to as a flux quantum. φ0 does not depend on material
properties and is a constant of nature. The total flux through a superconducting loop is given by
the sum of any external flux applied and the flux created by the screening current flowing around
the loop, φscreen:
φtotal = φexternal +φscreen (4.20)
Flux quantization requires that φtotal = nφ0 where n is any integer. Therefore, if an external
magnetic flux is applied to the superconducting loop, a screening current will develop to satisfy
Eq. 4.20.
Combining these two effects into a single device leaves us with the DC SQUID, shown
inductively coupled to a current in its input coil, Iin, in Fig. 4.5. To put the SQUID into a
responsive state, the Josephson junctions must be driven beyond their critical current. This is done
by applying a bias current, Ibias, such that Ibias > 2Ic. Any additional current flow due to φscreen
will induce a change of voltage across the junctions. However, in the absence of an external
magnetic flux, the linear response of the SQUID to small changes in the current signal will be
zero. In order to maximize the SQUID response and linearity, an external flux is applied with the
current Iin. When Iin creates a flux of about n2φ0 (shown in Fig. 4.7 by a vertical line), then the
SQUID is maximally responsive to changes in the current through Iin.
One can use a SQUID to amplify a current signal by directing the signal through the
SQUID input coil. As is evident from the V −φ curves in Fig. 4.5, the SQUID response is highly
non-linear. In order to linearize the SQUID response, we apply a nulling flux to the SQUID that
attempts to exactly cancel the flux due to the signal current. This nulling flux is created by driving
a current, Inull through an input coil inductively coupled to the SQUID. The DfMux architecture
uses a single input coil (see Fig. 4.8), but it is also possible to use a separate input coil exclusively
for SQUID linearization. In the former configuration, Inull =−Isignal and Iin = I f b. Since Iin is
constant, the SQUID remains at a fixed location in its V −φ curve and its response is linearized.
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To measure the signal current, we need only know the nulling current required to null the SQUID.
Digital Active Nulling (DAN) is the form of SQUID nulling that is used in PB-2. Rather
than using a broadband negative feedback loop as was used in earlier iterations of DfMux, DAN
is used to null the SQUID in narrow bands around the detector bias frequencies. Because DAN is
not a broadband nulling technique, the constraints on the wiring impedance between the SQUID
and feedback electronics are relaxed significantly, allowing the use of higher frequency bias tones.
This was one of the important technological developments that allowed for the increase in PB-2’s
multiplexing factor.
In PB-2, eight SQUIDs are mounted to a printed circuit board called a SQUID card. The
SQUID card has electrical connections to apply the necessary biases and nulling signal to the
SQUIDs from the room temperature readout electronics. In addition, each SQUID is paired with
a bias resistor that is used to form the voltage bias for a comb of TESs.
Because SQUIDs are so sensitive to external magnetic fields, great care must be taken to
shield them from unwanted magnetic flux (e.g. from the Earth’s magnetic field). Each SQUID is
mounted on the SQUID card with a superconducting niobium ground plane beneath it and the
entire SQUID card is surrounded by a high-permeability cryoperm shield [50].
To address noise created by the SQUID, many SQUIDs are often arrayed in series to form
what is called a SQUID series array. When N SQUIDs are arrayed in series, the output signal
of the SQUID is multiplied by N and the uncorrelated noise is increased by
√
N, leading to an
overall increase in signal to noise of
√
N. The PB-2 SQUIDs are series array SQUIDs.
LC Resonators
Channel frequencies are defined by superconducting, lithographed LC resonators. The
electrical bandwidth of the bias circuit is set by the inductance of each channel along with the
TES resistance. The required electrical bandwidth is approximately constant for every channel,
so the inductance is held constant and the capacitance is varied in order to create forty unique
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MIbiasIin
Figure 4.5: DC SQUID schematic. A current bias, Ibias is applied to the SQUID in order to put
the Josephson junctions into a responsive state. The SQUID is inductively couple to an input
coil with mutual inductance M. A current driven through the input coil, Iin, creates a magnetic
flux in the SQUID, which drives a screening current.
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Figure 4.6: The response curve of a SQUID is shown for varying values of Ibias and Iin. Each
colored line is a sweep of Iin while holding Ibias constant.
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Figure 4.7: Top: The voltage across the SQUID is plotted as a function of bias current for
flux biases that maximize (red) and minimize (blue) the screening current. The horizontal and
vertical axes show values measured at the digital-to-analog converters rather than at the SQUID.
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Ibias
Iin
IfbInull Isignal
Figure 4.8: The SQUID input coil has three currents driven through it. The flux bias, f b is
a constant DC current. The signal current, Isignal , is a AC current from the TES. The nulling
current, Inull attempts to null the current from Isignal so that Iin = I f b.
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resonant frequencies.
Losses in the LC resonators constitute a stray impedance that creates crosstalk and affects
detector performance. Dielectric loss in capacitors is difficult to avoid, but it has been mitigated
with the design of lithographed spiral inductors and interdigitated capacitors [42]. To avoid Ohmic
loss in conductors, a superconductor is used to create the LC circuits. PB-2a uses aluminum
while PB-2b and PB-2c use niobium. There is no expectation that either will perform significantly
differently during TES operations, but each have advantages outside of this. Aluminum is much
easier to wirebond, making the assembly simpler. Niobium superconducts at a much higher
temperature, meaning that the resonant frequencies are less susceptible to kinetic inductance
changes over the few hundred milli-kelvin changes during cycling of the sub-Kelvin refrigerator.
Each LC chip is surrounded by a superconducting shield to prevent inductive coupling to other
chips and to prevent Eddy losses in nearby normal metals.
Striplines
This subsection is about the cryogenic readout cables that carry the TES bias from the
bias element to the LC filters and back to the SQUID input coil. We usually call these cables
striplines, but it is worth noting that each cable is actually composed of two broadside-coupled
striplines and each cable is used to bias and read out two combs of TES detectors. There are two
lengths of striplines used in the PB-2 receivers: 60 cm and 75 cm. Because of the large size of the
focal plane, the shorter length striplines do not suffice to reach the TES wafers furthest from the
SQUID cards. There are 15 striplines used per wafer and seven wafers per receiver for a total of
210 striplines used per receiver. Striplines are a significant contributor to stray impedance in the
DfMux cryogenic circuit and thermal loading on the bolometer stage, so their design had to be
carefully optimized.
Because the striplines create a thermal path between the 4 K SQUID card and 0.3 K
bolometer stage, it is important that they have low thermal conductivity. They are designed to
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meet this requirement by using niobium-titanium conductors and polyimide sheathing. NbTi
superconducts at 9 K and its thermal conductivity is very small below that temperature. The
expected thermal loading from a single stripline connected directly from a SQUID card to the
bolometer stage is about 20 nW [43], which corresponds to about 2 µW for a fully populated
focal plane of striplines. This should be looked at as an upper limit on the loading because the
striplines are actually thermally intercepted at 1 K and 0.4 K before the reach the bolometer
stage. The thermal intercept points allow for some fraction of the power to be shunted to the
higher temperature and higher cooling power stages of the sub-Kelvin cooler. Note that this
consideration becomes less important as the length of the stripline is increased until the stripline
loading becomes subdominant to the other sources of loading. The sub-Kelvin coolers used in the
PB-2 receivers have cooling powers of a few µW at the bolometer stage.
The other constraint on the stripline design is that their impedance is one of the dominant
sources of stray impedance in the cryogenic DfMux circuit. Because the conductors are made
from NbTi, their resistance should be negligible. The inductance of the cable, however, is
important when working with bias frequencies of a few MHz. Some of the inductance of the
stripline is ”tuned out” by shifting the resonant frequencies of the LC filters, but not all of it. A
small fraction of the inductance is converted into a real impedance that acts as a voltage divider
with the comb. This creates crosstalk and poor detector performance. The measured stripline
inductance for a 60 cm stripline is 21 nH [43]. This has been demonstrated to achieve acceptable
crosstalk performance [43, 51].
4.2.5 Assembly of DfMux Readout Circuit
The PB-2 cryogenic readout circuit consists of five pieces of hardware, listed in the first
column of Tab. 4.2. In order to facilitate permutations of detectors and readout hardware, we have
developed three modular assemblies called the SQUID (Superconducting Quantum Interference
Device) card, the TES wafer, and the readout quantum. Each SA receiver needs seven TES wafers,
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Table 4.2: The components required to bias and read out a TES wafer are shown. The five
hardware components required to bias a TES wafer are listed in the first column. The LC
board, cryogenic readout cable, and SQUID card have sub-components that are listed in the
second column. Each LC board houses two LC chips, each of which have the forty inductors
and capacitors. The cryogenic readout cable has two NbTi broadside-coupled striplines. Each
SQUID card can house up to eight SQUIDs and eight bias resistors.
Component Sub-component Quantity
TES Wafer — 1
Adapter board — 4
LC Board 15
LC chip 30
Cryogenic readout cable 15
Broadside-coupled stripline 30
SQUID card 4
SQUID chip 30
Bias resistor 30
Figure 4.9: A readout quantum consists of an adapter board (AB) connected to LC boards (LC)
with cryogenic readout cables.
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AB
C D
Figure 4.10: Photos of the assembly of a TES wafer and cryogenic DfMux circuit. Top left: A
cryogenic readout cable is soldered to an LC board and secured with a G-10 clamp. Bottom left:
The electrical interface between the LC boards and the TES wafer is made with low resistance
ZIF connectors. Middle: Fifteen LC boards are installed on a TES wafer. Each LC board has a
cryogenic readout cable attached. Right: A gold-plated OFHC copper heat strap is attached to a
SQUID card and an adapter board. The adapter board does not yet have readout cables attached.
28 readout quanta, and 28 SQUID cards, so it is crucial that the assembly of these modules is
repeatable. The assemblies undergo shipping, handling, and thermal cycling, so they need to be
robust to vibrations and stress. We focus here on the assembly of the readout quantum and the
SQUID card and the interfaces between the three modular assemblies.
A readout quantum consists of three or four LC boards, an equal number of cryogenic
readout cables, and one adapter board. A readout quantum with four (three) LC boards is called
a large (small) readout quantum. Each TES wafer requires fifteen LC boards, so we use three
large readout quanta and one small readout quantum per wafer. Each LC board is soldered to
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a single cryogenic readout cable and all of the readout cables are soldered to a single adapter
board. Tin-lead solder alone does not adhere to NbTi, so we use a combination of ultrasonic
solder and tin-lead eutectic solder. Fig. 4.10 shows the solder and strain relief on an LC board. A
G-10 clamp provides strain relief to the cryogenic cables. The strain relief clamp does not protect
against the stress imposed by differential thermal contraction or vibrations during shipping, so we
vet each solder connection by brushing it vigorously with a stiff brush. This has been an effective
method to identify mechanically weak connections, which we preemptively repair in order to
avoid failures during testing or CMB observations. Repair typically entails either reapplying
solder or replacing the cryogenic readout cable.
LC boards are mounted to the back of the TES wafer and connected electrically with
low-resistance Zero Insertion Force connectors (∼ 15 mΩ contact resistance) (Fig. 4.10). Each
TES wafer requires fifteen LC boards, so we use three large readout quanta and one small readout
quantum per wafer. After LC installation, we install a low-emissivity, gold-plated oxygen-free
high conductivity (OFHC) copper can that surrounds the LC boards and provides radiative
shielding and mechanical support.
Mating low-impedance micro-D connectors are used to connect the adapter board and
SQUID card. These connectors have contact resistance of 26 mΩ and inductance of 20 nH. A
gold-plated OFHC copper strap is used to provide a thermal path between the 4 K cryostat walls,
the SQUID card, and the adapter board (shown in Fig. 4.10).
4.2.6 Readout noise
When observing the CMB, the readout noise level can be calibrated to a sky temperature
by observing a source with known brightness. In the lab, this is not possible and the noise is often
referred to a current noise at the input of the SQUID.
There are several known sources of readout noise in the DfMux system [47, 52, 44]:
amplifier noise, noise in the digital-to-analog converters (DAC), quantization noise in the analog-
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to-digital conversion, Johnson noise, and SQUID noise. These noise sources are referred to
the input of the SQUID depending on whether they are in the carrier, nuller, or demodulator
chain. Carrier noise is expected to act as a voltage noise across the comb, so its resulting current
noise is suppressed by the impedance of the comb. This current noise is negligible away from
LC resonances and significant near LC resonances. Nuller chain noise is broadband current
noise injected into the SQUID through the nuller path. Demodulator chain noise results from
the measurement of the SQUID output voltage and demodulation to determine the appropriate
nulling current. Demodulator noise depends on the SQUID transimpedance and may also be
affected by the SQUID output impedance and parasitic impedances of the SQUID.
Additionally, there is a source of noise amplification that results from a nuance of the
SQUID nulling scheme [44]. DAN enforces that the output of the demodulator is zero, rather
than that the output of the SQUID is zero. Because of this, any noise that is picked up between
the SQUID and the demodulator gets fed back to the SQUID through the nuller. The strength
of this effect is approximately proportional to the SQUID input coil impedance, so it is more
important at the highest bias frequencies. SA has chosen low inductance SQUIDs that make this
noise source unimportant to the total readout noise level.
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Chapter 5
Detector and Readout Characterization for
Simons Array
This chapter describes the detector and readout characterization performed by the author
for the Simons Array (SA). Detector characterization was necessary to provide feedback on
detector fabrication and to choose which detector wafers to deploy with each receiver. Accurate
detector characterization relies on a model of the stray impedance in the detector bias circuit. A
stray impedance model and its implications on detector characterization and performance are
described in Sec. 5.1. The methods and results of detector characterization for several PB-2a
and PB-2b detector wafers are described in Sec. 5.2. The effects of stray impedance on detector
performance are shown in Secs. 5.2.5 and 5.3.3.
5.1 Stray Impedance Model
In order to understand the effects of stray impedance on Transition Edge Sensor (TES)
characterization and performance for POLARBEAR-2, I have developed a model of the TES bias
circuit shown in Fig. 5.1. The approach developed here differs from previous works [53, 54] in
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that the model parameters for each detector were measured in-situ during TES characterization,
corrections were applied to all measured TES parameters, and the corrections applied were
based on the measured values of the model parameters rather than average values or templates.
Additionally, implications of this model on the small-signal response of the TES are studied in
and compared to data in Sec. 5.2.5 and 5.3.3.
In this model, each TES with resistance R is placed in series with a stray resistance Rs.
The series combination of Rs and the TES are biased with a voltage, V , which is formed by driving
an alternating current, Iin, at frequency fbias through a bias resistor, Rbias, and an associated stray
bias inductance, Lbias. The resulting current driven through the TES is I. V , I, and R are defined
below as the sum of a steady-state value, labeled with a subscript 0, and a small, time-dependent
value, labeled with a prefix δ, below.
V = (V0 +δV (t))cos(2pi fbiast) (5.1)
I = (I0 +δI(t))cos(2pi fbiast) (5.2)
R = R0 +δR(t) (5.3)
This model is agnostic to the source of Rs aside from assuming that it has the effect of
a real series resistance. The bias inductance is likely sourced by a combination of the stray
inductance of the surface mount bias resistor and the inductance of the traces on PCB.
The implications of this model are twofold. First, the voltage across the TES is different
than the raw voltage reported by our readout software. This is caused by both the bias inductance
and stray series resistance. We need to calibrate our data in order to accurately characterize
detectors. Second, the voltage across the TES is not stiff, but depends on the TES resistance. This
effects electrothermal feedback and must be accounted for.
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Figure 5.1: The stray impedance model used to measure detector properties is shown. Left: The
voltage bias is formed by driving a current, Ic, through the series combination of the 30 mΩ bias
resistor, Rbias, and and associated stray bias inductance, Lbias. Right: The TES, R, is in series
with a series stray resistance, Rs. The voltage bias is applied to both, driving a current, I.
5.1.1 Calibrating Raw Data
This section describes how to calibrate the raw voltage bias reported by the Digital
Frequency Multiplexing (DfMux) control software, V raw, in order to retrieve the actual voltage
bias, V , and voltage on the TES, VT ES. These values are different for two reasons. First, V raw
is calculated under the assumption that Lbias = 0, which leads to an underestimate of the actual
voltage bias applied. Second, stray impedance in the cryogenic circuit forms a voltage divider
with the TES, so only a fraction of the voltage bias is applied to the TES, so VT ES <V .
A priori, we have do not know the value of the bias inductance. And even if we have
measured it, it may change due to variations in electrical components, hardware design, or
assembly variability. It is thus a natural choice to start by assuming that Lbias is negligible. This
is what is done in the DfMux control software. The voltage reported by the software is V raw and
it is calculated as follows:
V raw = IinRbias. (5.4)
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The actual voltage bias created is
V = IinZbias (5.5)
=V raw
Zbias
Rbias
. (5.6)
In Eq. 5.5, Zbias is the total impedance of the bias resistor and stray bias inductance,
Zbias = Rbias +2pii fbiasLbias. (5.7)
When Lbias is nonzero, |V | > |V raw| and the ratio of |V | to |V raw| grows with frequency. The
challenge then is to determine whether or not Lbias is big enough to matter and, if so, to measure
Lbias. A method of measuring Lbias in-situ during TES characterization is described in Sec. 5.2.4.
The result of those measurements indicated that Lbias ≈ 1 nH. If left uncalibrated (i.e. if we
assume that V = V raw), we will underestimate the voltage bias and values derived from it by
5-30% across the bias frequency range of 1.5-4.5 MHz.
The stray series resistance acts as a voltage divider with the TES. The voltage across the
TES is given by:
VT ES =V − IRs (5.8)
=V
R
R+Rs
. (5.9)
Similarly to the bias inductance, we must determine whether Rs is large enough to affect TES
characterization and, if so, measure it and remove its effect. A method of measuring Rs in-situ is
described in Sec. 5.2. Typical values of Rs are 0.15-0.5 Ω.
The measured values of current do not need to be calibrated for either of the stray
impedance terms.
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5.1.2 Small-Signal Analysis
Stray series resistance reduces the stiffness of the voltage bias on the TES, changing its
behvaior under electrothermal feedback. It is instructive to investigate the effect of the stray
series resistance on the TES small-signal response. The proceeding follows the derivation of
the responsivity of a DC-biased TES with a series resistance in [46] and the derivation of the
responsivity of an AC-biased TES in [47].
It is worth noting that the electrical bandwidth of the circuit in Fig. 5.1 is infinite because
there is no reactive element in the circuit. This is a justifiable approximation of the actual DfMux
cryogenic circuit because the its bandwidth is much larger than the bandwidth of a PB-2 TES.
The electrical bandwidth of the actual DfMux cryogenic circuit depends on the resistance of the
TES and the inductance of the resonator. For an inductance of 60 nH and TES resistance of 1
(0.5) Ω, the electrical bandwidth is 1.6 (0.8) kHz. The lowest time constants measured for PB-2
TESs is about 2 ms, corresponding to 80 Hz of bandwidth. Even in the case that the electrical
bandwidth is at its minimum and the TES bandwidth is at its maximum, they are different by a
factor of ten. During most of the TES transition, the ratio of bandwidths will be larger than ten.
Conservation of energy requires that the total power flowing to the TES is equal to its
time rate of change of energy:
Popt +Pbath +Pelec =
dE
dt
. (5.10)
Using Eqs. 5.2 and 5.3, Pelec can be expressed as
Pelec = 〈I2R〉
= Pelec,0
(
1+2
δI
I0
+
δR
R0
)
.
(5.11)
In Eq. 5.11, 〈 〉 denotes a time average of one period of the current oscillation and Pelec,0 is the
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steady state Joule power:
Pelec,0 =
1
2
I20 R0 (5.12)
The remaining terms can be written as
Popt = Popt,0 +δPopt , (5.13)
Pbath = Pbath,0−GδT, (5.14)
and
E = E0 +CδT, (5.15)
where steady-state values are denoted with subscripts 0, time-varying terms are denoted with
prefixes δ, G is the differential thermal conductance G≡ dPbath/dT , and C is the differential heat
capacity C ≡ dE/dT . Substituting Eqs. 5.11, 5.13, 5.14, and 5.15 in Eq. 5.10 and performing a
Fourier transform leaves us with the small-signal equation for a TES in the bias circuit of Fig.
5.1:
δPopt−GδT +Pelec,0
(
2
δI
I0
+
δR
R0
)
= iωCδT. (5.16)
Eq. 5.16 will be more useful if it is written in terms of variables that we can control or
measure, i.e. voltage, current, and optical power. To that end, I will substitute the equations below
in 5.16.
δR
R0
=
(R0 +Rs
R0
)(δV
V0
− δI
I0
)
(5.17)
δT =
T0
α
δR
R0
(5.18)
Eq. 5.17 is from Ohm’s law and Eq. 5.18 is a Taylor series expansion on R = R(T ) with α defined
as
α=
dln(δRR )
dln(δTT )
∣∣∣∣∣
T=T0
. (5.19)
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Additionally, I will substitute the loop gain, L , in Eq. 5.16, defined as
L =
αPelec,0
GT0
. (5.20)
After these substitutions, Eq. 5.16 can be rewritten as
δPopt
Pelec
=
−1
L
(
R0 +Rs
R0−Rs
)[(
L−1− iωτ0
)δV
V
+
(
L
R0−Rs
R0 +Rs
+1+ iωτ0
)δI
I
]
(5.21)
Eq. 5.21 is the equation for the small-signal response of a TES in the bias circuit of Fig.
5.1. I will now evaluate two special cases of Eq. 5.21. The first is representative of the conditions
under which Cosmic Microwave Background (CMB) observations are performed and the second
of the conditions under which dark detector characterization is performed.
Constant Voltage
During CMB observations, the voltage bias is held constant, which means δV = 0. Note
that this does not mean that the voltage across the TES is held constant. The voltage across the
TES is given by
VT ES =V
R
R+Rs
(5.22)
= (V0 +δV )
R0 +δR
R0 +δR+Rs
. (5.23)
By setting δV to zero, we are eliminating only one of the two time-dependent quantities from Eq.
5.23. The fact that VT ES depends on δR produces interesting changes in the behavior of the TES
relative to the ideal case with a stiff voltage bias across the TES, such as increased responsivity
and time constant and a new stability criterion.
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When we substitute δV = 0, Eq. 5.21 reduces to:
δPopt
Pelec
=
−1
L
(
R0 +Rs
R0−Rs
)(
L
R0−Rs
R0 +Rs
+1+ iωτ0
)δI
I
(5.24)
We can rearrange Eq 5.24 to retrieve the small-signal responsivity, SI ≡ δI/δPopt :
SI =
δI
δPopt
=− 2
V0
L
L R0−RsR0+Rs +1+ iωτ0
(5.25)
This is the equation of a single pole low-pass filter with time constant given by:
τ=
τ0
L R0−RsR0+Rs +1
(5.26)
If we further simplify by setting Rs to zero, then we recover the well-known AC-biased responsiv-
ity and time constant in [47, 46]:
SI =
δI
δPopt
=− 2
V0
L
L+1+ iωτ0
(5.27)
and
τ=
τ0
L+1
. (5.28)
We can see the effect of stray impedance on the small-signal responsivity by comparing
Eqs. 5.25 and 5.27. The high loop gain limit of Eq. 5.27 is achieved when L >> 1 and results in
a responsivity that asymptotically approaches −2/V0. To achieve the same asymptotic behavior
of the responsivity in Eq. 5.25, L >> 1 is necessary but not sufficient. This is because the
coefficient of L in the denominator of Eq. 5.25 can be much less than one. The high loop gain
condition for Eq. 5.25 is achieved when
L
(
R0−Rs
R0 +Rs
)
>> 1. (5.29)
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Note that as the detector resistance decreases, the loop gain may increase but the term in paren-
theses will decrease. There will likely be a range of detector resistance values, bounded above
and below, in which the high loop gain limit is met.
In the high loop gain limit, Eq. 5.25 is given by:
SI =− 2V0
(
R0 +Rs
R0−Rs
)
. (5.30)
When R0 > Rs, the term in parentheses in Eq. 5.30 is greater than one, so the high loop gain
responsivity is enhanced by Rs. Typical values of R0 and Rs for a PB-2 detector in operation are
R0=0.7 Ω and Rs = 0.25 Ω. For these values, the high loop gain limit is achieved when L >> 2.
The responsivity enhancement associated with these values of R0 and Rs in the high loop gain
limit is a factor of about 1.8. If R0 < Rs, the high loop gain responsivity in Eq. 5.30 changes sign
and the TES becomes unstable. A plot of responsivity as a function of L and Rs is shown in Fig.
5.2.
Similarly, we can see the effect of Rs on the detector time constant by comparing Eqs.
5.26 and 5.28. The time constant of a TES without a stray resistance is always positive and gets
smaller as the loop gain grows. In the presence of a stray resistance, Eq. 5.26 shows that the time
constant is affected not just by the loop gain but also by the relative value of the stray resistance
to the detector resistance. A stability criterion is that the time constant be positive [46]. When the
time constant is negative, the TES experiences thermal runaway. This stability criterion is given
by:
R0 > Rs
(
L−1
L+1
)
. (5.31)
The stability criterion stated earlier in the section that is caused by the change in sign of the high
loop gain responsivity is a special case of Eq. 5.31. if 0≤ L < 1, then the right hand side of Eq.
5.31 is negative and the TES cannot be made unstable by this mechanism. For any finite value of
L , a TES should be able to operate stably with R0 < Rs. However, in PB-2 detectors, we have
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Figure 5.2: Heat map of log(12 |SI|V ) as a function of loop gain and Rs/(R0 + Rs). In the
absence of stray impedance, this quantity asymptotically approaches zero as the loop gain is
increased. The solid red line indicates the contour of log(12 |SI|V ) = 0. The dashed red line is
plotted for Rs=0.2 Ω and R0= 0.7 Ω, which approximates the detector and stray resistance in
POLARBEAR-2. The intersection of the solid and dashed red lines indicate that the PB-2 TES
responsivity should reach |SI|= 2/V at a loop gain of about L = 2.
not observed stable operation at R0 < Rs. This is likely due to the finite step sizes taken during
IV curves. The effect of stray impedances on the TES time constant is shown for a TES with
constant loop gain and varying stray resistance in Fig. 5.3.
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Figure 5.3: This is a plot of the TES time constant, τ, as a function of Rs/(R0+Rs) for a constant
loopgain of L = 10 and natural time constant τ0 = 30 ms. At low values of Rs/(R0 +Rs), the
stray series resistance is unimportant and the time constant is small. As Rs/(R0 +Rs) increases,
so does τ. At Rs/(R0 + Rs) = 0.5, τ has increased to τ0 (indicated by dashed blue lines).
As Rs/(R0 +Rs) increases further, τ grows without bound until reaching the instability point
indicated with a dashed red line. Beyond the instability, τ is negative and the TES is unstable.
67
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Rs (Ω)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
R
0
(Ω
)
L =2
L =5
L =10
L =50
L → ∞
TES Stability Criterion
Figure 5.4: The TES stability criterion of Eq. 5.31 is plotted for a few values of loop gain. The
region above each curve represents the stable operating region for a TES with the corresponding
loop gain. As the loop gain is increased, the stable region becomes smaller. The high loop gain
limit of the stability criterion is given by R0 > Rs and is plotted with a dashed black line.
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Constant Optical Power
During dark detector characterization, the optical power on the detector is negligible and
unchanging. In that case, we can simplify Eq. 5.21 by setting δPopt to zero:
δI
δV
=
(
1
R0 +Rs
)
1−L+ iωτ0
L
(R0−Rs
R0+Rs
)
+1+ iωτ0
. (5.32)
To study the behavior of a TES during an IV curve measurement, we note that the duration
of time between voltage steps is much larger than the TES time constant, so it is essentially a
steady-stat measurement allowing us to set ω to zero. Doing so yields
δI
δV
=
(
−1
R0 +Rs
)
L−1
L
(R0−Rs
R0+Rs
)
+1
. (5.33)
Eq. 5.33 gives the slope of an IV curve as a function of loop gain, TES resistance, and series stray
resistance. It is instructive to examine the behavior of Eq. 5.33 in a few specific cases.
• When the TES is normal, the loop gain is zero and the slope of the IV curves is (Rn+Rs)−1.
• At the turnaround of an IV curve, the slope of the curve is zero and the loop gain is unity.
• At high lop gain, the slope of the IV curve is (R0−Rs)−1. Note that when R0 = Rs, the
slope of the IV curve is infinite and the TES is unstable.
• Finally, when the TES is superconducting, the loop gain is zero and the slope of the IV
curve is R−1s .
We have seen that the TES will be unstable when the loop gain is high and R0 = Rs. This
is a specific case of a more general stability criterion. The TES is unstable when the slope of the
IV curve is not finite, so a criterion for stability is
R0 > Rs
(L−1
L+1
)
. (5.34)
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This is the same criterion for stability that was found by requiring that the time constant is positive
in Sec. 5.1.2.
Finally, we can rearrange Eq. 5.33 to solve for the loop gain:
L =
1− (R0 +Rs) δIδV
1+(R0−Rs) δIδV
. (5.35)
5.2 Dark Detector Characterization
In order for Simons Array (SA) to meet its target sensitivity, it is necessary that the
instantaneous noise levels of the instruments are not dominated by detector noise and that the
detectors are capable of observing in a large fraction of the observation period. These conditions
can be met with careful selection of detector parameters. We have chosen a set of target detector
parameters to satisfy these conditions.
Dark characterization is the process of measuring TES parameters in the absence of
optical power. In this configuration, the only source of power incident on the TES is from the
applied voltage bias. This simplifies the interpretation of the collected data because one does
not need to measure or otherwise estimate the optical power. It is still necessary, however, to
calibrate measured data to account for effects of stray impedances in the DfMux cryogenic circuit.
A model for the effects of stray impedances on TES characterization is decribed in Sec. 5.1.
The measurements described in this chapter were performed between 2016 and mid-2019.
One of the wafers described here is deployed in PB-2a and 5 will be deployed in PB-2b. The
measurements in the Sec. 5.2.4 sec are listed in chronological order.
5.2.1 Detector Targets
The TES parameters measured in dark testing for PB-2 are: critical temperature, Tc;
turnaround power, Pturn; and normal resistance, Rn. The target parameters for PB-2a and PB-2b
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Figure 5.5: NEPg increase as a function of Tc and Tb relative to optimal values while holding
Psat constant and assuming n = 3. Left: Varying Tc while holding Tb constant for a few values of
Tb. Right: Varying Tb while holding Tc constant for a few values of Tc.
are listed in Table 5.1.
The optimal critical temperature is set by minimizing the thermal carrier noise assuming
a specific value of the bath temperature, Tbath, and thermal carrier index, n. The PB-2 bath
temperature varies between receivers and is in the range of 260-320 mK, corresponding to an
optimal critical temperature in the range of 440-550 mK assuming n = 3. The fractional change
of thermal carrier noise as a function of Tb and Tc for fixed n and Psat is shown in Fig. 5.5. For the
range of Tb and Tc values in the PB-2 receivers, we expect an increase in NEPg of a few percent
relative to the optimal value.
The TES saturation power is important from the perspective of both instantaneous sen-
sitivity and observing efficiency. The thermal carrier noise and readout noise scale with the
square root of the saturation power, motivating a small saturation power. However, the smaller
the saturation power, the smaller the fraction of time the detector can be used to observe. Total
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expected optical power and expected optical power variations on the detector due to changing
weather and atmospheric conditions play an important role in determining the target saturation
power value. The sky brightness and optical efficiency of the instrument vary with frequency,
leading to different expected optical powers for the 90 and 150 GHz bands.
All that being said, the saturation power is an ill-defined quantity that is meant as shorthand
for the total power on the detector when it is operating in its superconducting transition. The
well-defined quantity that we measure in a dark test is the turnaround power, Pturn, defined as the
Joule power on the TES when the slope of the IV curve is zero. In the absence of optical power,
Pturn is approximately 5-10% higher than Psat for PB-2 detectors.
The Psat targets are slightly different for PB-2a and PB-2b because of the difference in
temperature of their half-wave plate. Since the PB-2a HWP is at ambient temperature and the
PB-2b HWP is cryogenic, we expect more optical loading on the PB-2a detectors. This makes
the target saturation powers for PB-2a slightly higher than for PB-2b.
Finally, the normal resistance is chosen such that it is much larger than the stray impedance
in the bias circuit. This is required in order to apply a stiff voltage bias to the detector. The stray
impedance in the PB-2 DfMux cryogenic circuit is approximately 0.15-0.5 Ω, depending on bias
frequency. The primary disadvantage to increasing Rn is that the TES responsivity decreases
roughly as the square root of it. However, increasing responsivity has diminishing returns beyond
the level needed to suppress readout noise. We chose to set a detector normal resistance target of
1.2 ± 0.3 Ω [7].
5.2.2 Dark Test Cryostat
Many of the measurements described in this chapter were performed in a dark test cryostat
at UCSD. The cryostat consists of three concentric cylinders, the outermost being a vacuum
vessel, the middle a 50 K buffer stage, and the innermost the working area. The working area is a
cylinder of about 1 min diameter and 60 cm tall. It is cooled with a combination of a pulse tube
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Table 5.1: Target TES parameters for PB-2a and PB-2b. The target values for PB-2a are from
[7] and for PB-2b are from the internal POLARBEAR wiki. The motivation for having multiple
Psat targets is in the text.
Parameter Receiver Target
90 GHz 150 GHz
Psat PB-2ax 7-9 pW 17-24 pW
PB-2b 7-9 pW 17-21 pW
Tc 420-470 mK
Rn 0.9-1.5 Ω
cryocooler (PTC) and a 4He/3He sub-Kelvin refrigerator. The PTC provides a 50 K buffer stage
and a 4 K working stage to the cryostat. The sub-Kelvin refrigerator provides two cold heads that
reach base temperatures of about 350 mK and 250 mK. The cryostat does not have a window and
the 4 K working stage is sealed on all sides to mitigate optical power leaks from the 50 K buffer
stage.
The temperature of the sub-Kelvin refrigerator can be manipulated by applying power
to heaters on its charcoal pumps and gas-gap heat switches. A standard procedure to cool the
refrigerator to its base temperature is provided by the manufacturer of the fridge. In addition, I
developed and implemented a proportional control algorithm that allowed me to manipulate the
temperature of the cold heads between their base temperature and about 800 mK. This control is
necessary during TES testing.
I designed two sub-kelvin stages for this cryostat, each cooled by one of the sub-Kelvin
refrigerator cold heads. The 350 mK stage is referred to as the intercooler (IC) stage and the
250 mK stage is the ultracooler (UC) stage. The IC stage is made of a U-shaped copper bar
suspended above the 4 K stage with thermal isolation supports [55] in order to reduce the thermal
loading on the sub-kelvin fridge. The IC stage is also used as a thermal intercept for wiring that
is routed between 4 K and the UC stage (i.e. striplines and thermometry wires). The UC stage is
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Figure 5.6: A PB-2a wafer is installed in the UCSD test cryostat. Top: This is a top-down view
of the test cryostat with the PB-2a wafer toward the top of the photo. Bottom: The striplines are
thermally intercepted at the IC stage in order to reduce the thermal load on the UC stage.
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a cubic structure of approximately 30 cm on a side that is used to hold PB-2 TES wafers and the
associated sub-kelvin readout electronics. The UC stage is suspended above the IC stage with
identical thermal isolation supports. In order to reduce the optical power on the TES wafer, I
designed and fabricated a blackened wafer cover that was cooled to 250 mK.
The cryostat is outfitted with multiple wiring harnesses that provide electrical connections
between the 300 K shell and the 4 K working area. These wiring harnesses are used to carry the
TES bias and readout signals, SQUID biases, thermometry signals, and heater power.
Two photographs of the cryostat are shown in Fig. 5.6.
5.2.3 Measurement Techniques
The suite of measurements used to perform dark characterization of PB-2 wafers is
described here.
Network Analysis
The purpose of a network analysis is to determine the resonant frequencies of the cryogenic
circuit. These are the frequencies that will be used to bias a comb of detectors. The frequency
scatter within an LC chip is small, but still larger than the bandwidth of the resonators, so we
must perform this measurement before we are able to bias the detectors. This measurement is
usually performed once at the base temperature of the cryostat and once at a temperature above
the superconducting temperature of the detectors but below the superconducting temperature of
the resonators. The first measurement provides us with the TES bias frequencies and the second
with a qualitative look at the normal resistance of the comb of detectors. We assume that the
resonant frequencies of the cryogenic circuit don’t change over time during a single cooldown.
This assumption is confirmed by our ability to successfully operate detectors over months-long
cooldowns without the need to change bias frequencies.
A network analysis is done in two parts. First a set of probe tones is driven into the
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cryogenic circuit through the carrier path and the resulting voltage across the SQUID is measured.
Note that this is performed without any form of SQUID nulling, so the probe tones need to be
small enough to not drive the SQUID into nonlinear behavior. Second, a similar measurement is
performed, this time with the probe tones injected into the nuller path.
The ratio of the SQUID voltages of the two measurements is independent of the SQUID
impedance and is given by the following:
VSQUID,car
VSQUID,nul
∝
∣∣∣ Zbias
Zbias +Zcomb
∣∣∣≈ ∣∣∣ Zbias
Zcomb
∣∣∣, (5.36)
where VSQUID,car and VSQUID,nul are the voltage across the SQUID as the result of a current
injected through the carrier and nuller path, respectively, and Zbias and Zcomb are the impedance
of the bias resistor and the impedance of the LC comb, TESs, striplines, and associated stray
impedance (defined in Fig. 5.7). This ratio is referred to as a ”DAN network analysis” because
it mimics the impedance of the circuit when the SQUID is being nulled using DAN. We take
the maxima of Eq. 5.36 as the TES bias frequencies. An example of a DAN network analysis
measured during a PB-2a dark wafer test is shown in Fig. 5.7.
Detector Biasing
Once we have determined the resonant frequencies, we can bias the combs of detectors.
First, the bolometer stage must be heated above the critical temperature of the detectors so that
a voltage bias can be applied to them. Next a voltage is applied to the comb at each resonant
frequency and DAN is enabled at those same frequencies.
The desired amplitude of the voltage bias applied depends on the measurement that one is
planning to perform with the detectors, and is usually one of two extremes. When preparing for
an IV curve measurement or to tune the detectors, one needs to apply a large voltage such that
Joule heating keeps the detector temperature above Tc as the bolometer stage is cooled. Following
76
Zbias
Zcomb
ZSQUID
Icar
Inul
Figure 5.7: Left: A schematic of the DfMux cryogenic circuit, simplified to help understand
a network analysis. Zcomb is the combination of all detetors, LC filters, the cryogenic readout
cable, and associated stray impedances. Right: An example network analysis with admittance
plotted against frequency. Resonances are visible as peaks in addmittance at specific frequencies.
The two short peaks at 2.1 and 2.6 MHz are calibration resistors that have higher resistance than
the detectors.
this, the bolometer stage is cooled to its base temperature. If, however, one is preparing for an
RT measurement, one would apply a small voltage bias, such that the Joule heating does not
significantly affect the temperature of the detectors.
IV Curves
An IV curve is a method of probing the transition shape and electrothermal response of a
TES. For PB-2 wafer characterization, I used IV curves to measure the detectors’ Rn and Pturn as
well as the parasitic impedance for each channel.
To take an IV curve, one first heats the bolometer stage, biases the TES with a large
voltage, and cools the stage, as discussed in Sec. 5.2.3. When the stage has cooled and stabilized
at its base temperature, the measurement can begin. The large voltage bias should have kept the
detectors heated above Tc. To measure an IV curve, we incrementally decrease the voltage bias
on all detectors simultaneously while recording the nulling currents.
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As the voltage biases are decreased, the temperatures of the TESs also decrease and the
TES cools through its transition. This is evident by a change in the slope of the IV curve. At
high voltage, the slope is positive and constant. As the detector starts to transition, the slope
approaches zero indicating that the loop gain of the detector is unity. The turnaround power is
defined as the power on the TES at this point in the transition. As the detector continues to cool,
the slope of the IV curve becomes more and more negative until the detector becomes unstable
and falls into its superconducting state. This is evident by a discontinuity in the IV curve followed
by an approximately Ohmic, low-resistance curve.
There two notable sources of instability that can cause a TES to latch during an IV curve
measurement. The first is the requirement that the electrical bandwidth be at least 5.8 times larger
than the TES bandwidth [46]. As the TES transitions, its bandwidth increases and the electrical
bandwidth decreases. If the ratio of the two becomes less than about 5.8, the detector will begin to
exhibit growing oscillations and fall into its superconducting state. The second cause of instability
is that the stray impedance in the bias circuit forms a voltage divider with the TES, weakening
the voltage bias. As the TES resistance approaches the Thevenin equivalent series impedance,
Rs, the TES transitions from being voltage biased to current biased. A TES with finite loop gain
should be stable even with a slight current bias (i.e. even when RT ES < Rs), but in practice, the
PB-2 TESs seems to be limited to the regime RT ES > Rs.
Detector Tuning
Detector tuning is the operation of putting the detectors into a responsive state. This is
done before most optical testing (and before observing the CMB). To tune the combs of detectors,
one needs to first bias the combs and then cool the bolometer stage in the same way that one would
in preparation for an IV curve measurement. After the stage has reached its base temperature, the
voltage biases are incrementally decreased until the desired tuning point has been reached. The
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tuning point is usually parameterized by the fractional resistance
R f rac = (R+Rs)/(Rn +Rs). (5.37)
A typical tuning point is R f rac = 0.7-0.8.
RT
In order to measure the detectors’ critical temperature and normal resistance, I performed
measurements of the resistance of the detectors as a function of temperature. To do this measure-
ment, one needs to first heat the bolometer stage and bias the combs of detectors with a small
voltage. This bias voltage is intended to provide a probe of the TES resistance without applying a
significant amount of Joule power.
After the bias has been applied, the bolometer stage temperature is manipulated while
its temperature is recorded with a thermometer and while the nulling currents are recorded. It is
important that the temperature of the bolometer stage does not change very quickly in order for
the measured temperature to be indicative of the TES temperature. One can check for this effect
by measuring an R(T) curve twice, once with the bolometer stage temperature decreasing and
once with the temperature increasing. If the temperature change is too fast, the transitions for a
single detector will be shifted relative to each other.
5.2.4 Detector Parameter Measurements
Wafer PB20.08.03
In December 2016 through January 2017, candidate PB-2a wafer PB20.08.03 was char-
acterized by the author using the dark test cryostat. The wafer was outfitted with a full set of
deployment PB-2a LC boards, striplines, and adapter boards. This was the first time a PB-2 wafer
had been characterized with the full set of readout installed. The base temperature reached during
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this cooldown was 270 mK. After measuring IV curves and R(T) curves for this wafer, it was
deemed unacceptable for observation due to high and variable normal resistance, highly variable
turnaround power, and highly variable superconducting transition shapes.
RT curves from one multiplexed set of detectors are shown in Fig. 5.8. The width of
the superconducting transition is highly variable. The slope of the transition is directly related
to the strength of electrothermal feedback, so we require uniform transition shapes. The low-
temperature resistance is assumed to be caused by a stray series resistance, as described in Sec.
5.1.1.
IV curves along with derived RV,and RP curves for one comb of detectors on this wafer
are shown in Fig. 5.9. It is clear from these plots that the normal resistance and turn around power
is highly variable.
Analysis of the RT and IV measurements indicate that the normal resistance values are high
and bimodal and that the turnaround power values are highly variable. These conclusions are true
both before and after the stray series resistance calibration was applied. The critical temperatures
are 440±10 mK. No correlation was found between critical temperature and turnaround, indicating
that the variability in turnaround power was not caused by variability in critical temperature.
There was also no correlation between normal resistance and turnaround power. Normally, we
would not expect these values to be correlated, but this is an odd situation in which the normal
resistance distribution is bimodal. The only other parameter that is expected to be bimodal is the
turnaround power, so it is interesting to note that they do not seem to be correlated. The results of
these analyses are shown in Fig. 5.10.
Wafer PB20.13.10
Candidate PB-2a wafer PB20.13.10 was characterized by the author in the UCSD test
cryostat in December 2017-January 2018. This wafer was deemed acceptable for observations
and was deployed with the PB-2a receiver.
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PB20.08.03 - RT Curves
Figure 5.8: Data from an RT measurement of one multiplexed set of detectors from wafer
PB20.08.03 are shown. Top: The temperature of the bolometer stage is plotted as a function
of time. The red region was cut from analysis due to the rapid change in temperature. Middle:
The resistance of a multiplexed set of detectors is plotted as a function of time. The red region
corresponds to the same data cut. Bottom: The resistance of a set of multiplexed detectors is
plotted as a function of the temperature of the bolometer stage. Data between 432-435 mK was
cut for aforementioned reasons. The two detectors that appear to have constant resistance of
about 1 Ω are actually non-superconducting calibration resistors. All of the detectors have a
superconducting transition and there is high variability in the width of the transition and the
transition temperature. Additionally, there is a residual resistance below the superconducting
transition.
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PB20.08.03 - IV Curves
Figure 5.9: Data from an IV measurement of one multiplexed set of detectors from wafer
PB20.08.03 are shown. All voltage and current values shown are RMS. The plots shown are:
top, IV curves; middle, RV curves; bottom, RP curves. The two detectors in each plot that appear
to have a constant resistance of about 1 Ω are actually non-superconducting calibration resistors.
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PB20.08.03 - IV and RT Results
Figure 5.10: Analysis of RT and IV curves from wafer PB20.08.03 are shown. Top left:
Histograms of the detector normal resistances both before calibration for stray resistance
(”Raw”) and after (”Cal”). Middle left: Histograms of the detector turnaround powers both
before calibration for stray resistance (”Raw”) and after (”Cal”). Bottom left: A histogram
of the stray series resistance values measured. Top right: A histogram of the detector critical
temperature values. Middle right: A scatter plot of critical temperature and turnaround power.
No correlation is apparent. Bottom right: A scatter plot of normal resistance and turnaround
power. No correlation is apparent.
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Table 5.2: TES parameters measured for wafers in Run 18b. All values shown here have been
calibrated for Rs and Lbias and represent my best estimate of the actual TES values.
Wafer Rn (Ω) Pturn (pW) Pass/Fail
90 GHz 150 GHz
PB20.13.27 1.02 ± 0.05 8 ± 1 19 ± 1 Pass
PB20.13.33 1.03 ± 0.07 9 ± 1 22 ± 2 Pass
PB20.13.35 1.0 ± 0.2 10 ± 2 22 ± 3 Pass
PB20.13.36 0.9 ± 0.1 10 ± 1 23 ± 2 Pass
PB20.13.39 1.05 ± 0.06 9 ± 1 21 ± 2 Pass
PB20.13.43 1.0 ± 0.1 8 ± 2 17 ± 5 Fail
PB20.13.44 1.02 ± 0.08 12 ± 1 28 ± 3 Fail
IV, RV, and RP curves from a comb of detectors on this wafer are shown in Fig. 5.11. The
resistance at low voltage was taken to be caused by a stray series resistance, Rs. The measured
values of Rs for each detector were used to calibrate the results of the IV measurement, as
described in Sec. 5.1.1. Histograms of raw and calibrated detector parameters and stray resistance
values are shown in Fig. 5.11. The results of the measurement and calibration are: Rn = 1.3±0.2
Ω, 90 GHz Pturn = 10± 1 pW, and 150 GHz Pturn = 21± 2 pW. These values are within our
specifications. The 90 GHz Pturn value is slightly higher than the 90 GHz Psat target, but as
discussed in Sec. 5.2.1, Psat is typically 5-10% smaller than Pturn so we expect that Psat is within
our target range.
Run 18b Wafers
Run 18b was the final commissioning cooldown of the PB-2b receiver in the lab at UCSD
before its deployment to Chile. The dark detector characterization performed by the author during
this cooldown is described here.
IV curves were measured with all seven wafers in PB-2b. Four wafers (PB20.13.35,
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PB20.13.10 - IV Data and Results
Figure 5.11: IV data and analysis from wafer PB20.13.10 are shown. All voltage and current
values shown are RMS. Left column: IV curves, RV curves, and RP curves, respectively, for
one multiplexed set of detectors. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right: A
histogram of the normal resistance values, both uncalibrated (”Raw”) and calibrated for a
stray series resistance (”Cal”). Top middle: A histogram of the turnaround power values, both
uncalibrated (”Raw”) and calibrated for a stray series resistance (”Cal”). Bottom right: A
histogram of the stray series resistance values.
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PB20.13.36, PB20.13.43, PB20.13.44) had sub-kelvin covers on them to reduce the optical power
incident on the detectors. The other three wafers (PB20.13.27, PB20.13.33, PB20.13.39) had
neutral density filters (NDFs) in front of them to reduce the optical load but allow for optical
characterization. The NDFs are so strongly attenuating that these three wafers have negligible
incident optical power during these measurements. The base temperature of the bolometer stage
during this run was 250 mK. Five of the seven wafers have measured dark parameters that meet
our target detector parameters and will be deployed with PB-2b.
IV curves along with derived RV and RP curves are shown in Figs. 5.12-5.18. The
residual resistance at low voltage (i.e. when the detectors were superconducting) was assumed to
be caused by a stray series resistance, Rs. The measured values of Rs for each detector were used
to calibrate the results of the IV measurement, as described in Sec. 5.1.1.
After calibrating for Rs, the detectors’ normal resistances showed a strong correlation with
bias frequency. This correlation is not expected to be caused by an actual variation in detector
resistances and was assumed to be caused by a stray bias inductance, Lbias. Lbias was measured
by asserting that the normal resistance values for detectors on a given wafer were normally
distributed about a mean value, Rn,mean, and that the apparent correlation with bias frequency
was due completely to Lbias. Under this assertion, we expect to measure a normal resistance
Rn,measured that varies with bias frequency:
Rn,measured = Rn,mean
Rb√
(Rb)2 +(2pi fbiasLb)2
. (5.38)
We fit the model to our data in order to retrieve Rn,mean and Lbias. For each detector wafer, we
fit for a single value of Rn,mean and up to thirty values of Lbias (one for each multiplexed set of
detectors). The Rn,mean value is not used for calibrating data. The best-fit values of Lbias are used
to calibrate the raw data as described in Sec. 5.1.1. The results of this calibration are shown for a
single multiplexed set of detectors in Fig. 5.19 and for entire detector wafers in Figs. 5.12-5.18.
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The typical stray bias inductance value is 1.1 nH, which has a significant contribution to
the total impedance of the bias element, Zbias:
|Zbias|=
√
R2bias +(2pii fbiasLbias)2 (5.39)
=
√
(0.030 mΩ)2 +
[
6.5mΩ
( fbias
1 MHz
)( Lbias
1.1 nH
)]2
(5.40)
For a typical value of Lbias = 1.1 nH, the ratio of |Zbias| to Rbias is 1.1-1.4 across the readout
bandwidth of 1.5-4.5 MHz.
5.2.5 Effects of Stray Impedance on Small-Signal Response
The expected small-signal behavior of a TES with a series stray resistance under constant
optical power was derived in Sec. 5.1.2. In this section, we will compare to data measured in the
PB-2b receiver during dark detector characterization.
Note that the measurements described in this section were performed with negligible
optical power. Because the loop gain depends on the electrical bias power on the detector,
we should expect the loop gain to decrease by a factor of about half when these detectors are
observing in Chile.
The slope of an IV curve for a single PB-2b detector is plotted as a function of the total
measured resistance, Rtot ≡ R0 +Rs, in Fig. 5.20. Consider first the case where the stray series
resistance is negligible and the TES resistance, R0, is equal to Rtot . The slope of the IV curve
in the high loop gain limit is calculated by using Eq. 5.33 and setting Rs = 0 and L >> 1. The
slope is given by −1/R0. The curve of L =−1/R0 is shown in Fig. 5.20. The data do not respect
this bound, implying that this is not the correct model to describe these data.
Next consider the case in which the stray series resistance is nonzero. In this case, the
high loop gain limit is defined by L >> (R0 +Rs)/(R0−Rs). The slope of the IV curve under
these conditions is given by −(Rtot−2Rs)−1. The curve of L =−(Rtot−2Rs)−1 is also shown
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PB20.13.27 - IV Data and Results
Figure 5.12: IV data and analysis from wafer PB20.13.27 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.33 - IV Data and Results
Figure 5.13: IV data and analysis from wafer PB20.13.33 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.35 - IV Data and Results
Figure 5.14: IV data and analysis from wafer PB20.13.35 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.36 - IV Data and Results
Figure 5.15: IV data and analysis from wafer PB20.13.36 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.39 - IV Data and Results
Figure 5.16: IV data and analysis from wafer PB20.13.39 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.43 - IV Data and Results
Figure 5.17: IV data and analysis from wafer PB20.13.43 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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PB20.13.44 - IV Data and Results
Figure 5.18: IV data and analysis from wafer PB20.13.44 are shown. Left column: IV curves,
RV curves, and RP curves, respectively, for one multiplexed set of detectors. All voltage and
current values shown are RMS. The two detectors in each plot that appear to have a constant
resistance of about 1 Ω are actually non-superconducting calibration resistors. Top right and
middle right: Histogram of the normal resistance and turnaround power values: uncalibrated
(”Raw”), calibrated for a stray series resistance (”Cal 1”), and calibrated for a stray series
resistance and stray bias inductance (”Cal 2”). Bottom right: A histogram of the measured stray
series resistance and bias inductance values.
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Figure 5.19: Stray bias inductance calibrations. Top: The normal resistance values of one
multiplexed set of detectors is plotted against bias frequency. The data labeled ”Raw” have no
calibration applied to account for stray impedance. The ”Cal 1” data are calibrated for a stray
series resistance and show a strong trend with bias frequency. The dashed line is the best-fit
model of Eq. 5.38 with fit parameters Lbias = 1.4 nH and Rn,mean = 1.1 Ω. The ”Cal 2” data are
calibrated for both the stray series resistance and the stray bias inductance. The ”Cal 2” data no
longer exhibit a trend with bias frequency. Bottom: A histogram of 144 Lbias values measured
on five separate TES wafers is shown. The mean value is 1.1 nH and the standard deviation is
0.2 nH.
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in Fig. 5.20 and the data do respect this bound. The data do not contradict this prediction of the
stray impedance model.
Additionally, the loop gain can be obtained from an IV curve using Eq. 5.35. The loopgain
for a single detector is plotted in Fig. 5.20 as a function of Rtot for a few values of Rs. The loop
gain has a strong dependence on Rs, even in the small range shown. Assuming Rs = 0 causes the
loop gain to diverge (not shown).
Also shown in Fig. 5.20 is the curve L = 10(R0 +Rs)/(R0−Rs). The TES is in the high
loop gain limit when its loop gain is substantially above this curve and also much greater than
unity. In the range Rtot=0.6-0.8 Ω, the measured loop gain is above this curve and the detector is
operating in the high loop gain limit.
5.3 Optical Detector Characterization
The goal of the optical characterization described here is to understand how the TES
responsivity changes as a function of detector tuning and drive frequency.
In the two responsivity models discussed so far, there is one independent variable to
describe the frequency of the drivings signal (ω) and up to four independent variables to describe
the TES and bias circuit (L , V0, R0, Rs). This picture is simplified when considering a single,
specific detector in a specific optical configuration (i.e. a specific value of steady-state optical
power, Popt,0). The reasons for this are: Rs becomes a parameter rather than an independent
variable, and L , V0, and R0 are all functions of the detector tuning point. We can express the
responsivity as a function of two independent variables, ω and R f rac, and a single parameter, Rs:
SI = SI(R f rac,ω;Rs) (5.41)
The measurements described in this section were performed with negligible optical power.
Because the loop gain depends on the electrical bias power on the detector, we should expect the
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Figure 5.20: The slope of an IV curve and the derived loop gain are shown for a single PB-2b
detector measured in a dark condition. Top: The slope of an IV curve is plotted against the total
resistance. The dashed and dotted lines are the high loop gain limits of the slope in the absence
of a stray series resistance and with the measured stray series impedance, respectively. Bottom:
The loop gain derived from the IV curve of this detector is shown for the measured Rs and the
measured value plus and minus 10 mΩ. The derived loop gain depends strongly on the value of
Rs used in the calculation. The dashed line represents the high loop gain limit in the presence of
a series stray resistance. The curve is given by L = 10(R0 +Rs)/(R0−Rs). The loop gain of
the TES, assuming Rs is correct as measured, is in the high loop gain limit in the range Rtot ≈
0.6 Ω - 0.8 Ω.
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loop gain to decrease by a factor of about half when these detectors are observing in Chile.
5.3.1 Measurement Technique
A chopped optical source produces a square wave signal of angular frequency ωc:
Popt(t) = p∑
n
1
2n+1
sin((2n+1)ωct), (5.42)
where p is the amplitude of the optical power signal. The amplitude and phase of the TES current
response is determined by its responsivity:
I = p
nmax
∑
n=0
1
2n+1
SI(R f rac,ωc;Rs)sin((2n+1)ωct), (5.43)
I’ll use the notation Iωc to refer to the coefficient of the n = 0 component of |I|, i.e.
Iωc = p|SI(R f rac,ωc;Rs)| (5.44)
The responsivity is expected to take the form of a single-pole low-pass filter (see Fig.
5.21), so Eq. 5.44 can be written as:
Iωc ∝
1√
1+(ωcτ)2
. (5.45)
We can determine the TES time constant by measuring Iωc for several values of ωc and finding
the frequency at which the response is decreased by 3 dB.
Repeated the aforementioned measurement at several values of R f rac will trace out the
R f rac dependence of SI .
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Figure 5.21: A schematic representation of the normalized responsivity of a TES as a function
of ω is shown. The responsivity is constant at low frequencies and rolls off at high frequencies.
The inverse of the angular frequency at which the responsivity has decreased by 3 dB is the TES
time constant. The vertical dashed line is plotted at the 3 dB frequency of (15 ms)−1.
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5.3.2 Responsivity and Time Constant of PB-2b Detectors
The author performed measurements of the current response of three wafers in the PB-
2b receiver to chopped optical signals at multiple chop frequencies and tuning points. The
measurements and analysis are described below.
The current response of a detector at a constant tuning point of R f rac = 0.45 observing a
source chopped at several frequencies is shown is Fig. 5.22. The model of Eq. 5.43 was fit to
the data, keeping only the first term of the series. The response amplitude decreases as the chop
frequency is increased as expected.
The results of many measurements of the same detector are shown in Fig. 5.23. The
detector response increases and time constant decreases as R f rac is lowered. These are both
expected behaviors.
The current response and time constants for 85 detectors are shown in Fig. 5.24. We
observe similar behavior in most detectors. As the fractional resistance decreases, the response
tends to increase and the time constant tends to decrease. There is a large range of resistance
values in which the detector have a time constant within our target range. The response amplitude
increases by a factor of 10-100 over the range of fractional resistances shown.
5.3.3 Effects of Stray Impedance on TES Time Constants
The measurements in this section were performed using wafer PB20.13.17 during Run 17b
in the PB-2b receiver on March 5, 2019. PB20.13.17 is a wafer with known TES degradation that
causes Rn to increase over time and non-uniformly across the wafer. For this reason, PB20.13.17
was not a candidate wafer for PB-2b. However, previous dark characterization of this wafer
indicated that the TESs were not otherwise negatively affected by the increase in Rn. The goal of
the characterization described in this section was to measure the time constant of the TESs on
wafer PB20.13.17 at multiple points in their transition and to compare the measurement to the
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Figure 5.22: Plots of the current response of a TES as a function of chop frequency. The
chop frequency is indicated in the top right corner of each plot. The amplitude of the current
response decreases as the chop frequency is increased. The gray curve in each plot is the best-fit
sinuosoid.
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Figure 5.23: The response of a single detector to a chopped optical signal is shown. Top: Plot
of the response to a chopped optical signal is shown for several values of fractional resistance
and chop frequency. Each color corresponds to a single value of R f rac. The dots are individual
measurements and the solid lines are fits to the data. The low-frequency amplitude of the data at
each resistance value increases as the resistance decreases. This is because the responsivity of
the detector is increasing. Bottom: The low-frequency response (dotted line) and time constant
(dashed lines) are plotted as a function of fractional resistance. The low-frequency response and
time constant have the expected trends with fractional resistance.
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Figure 5.24: Low-frequency response and time constants of 85 detectors across three wafers in
PB-2b Run18b are shown. In both plots, the line color represents the wafer that the bolometer
belongs too. Top: The current response is plotted as a function of fractional resistance. The
response has been normalized to 1 for all detectors at R f rac = 0.9. This was done to compensate
for the fact that each detector is likely receiving a different amplitude of optical power input. The
responsivity increases by a factor of about 10-100 across the R f rac range shown here. Bottom:
The time constants of 85 detectors in Run 18b are shown here. The gray band in the top plot
indicates the range of target time constants and the red band indicates the instability region due
to the bandwidth of the bias circuit. Most TESs have acceptable time constants for R f racs in the
range of 0.4-0.7.
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time constant model developed in Sec. 5.1.2. Detector time constants were measured at R f racs in
the range of 0.4 to 0.9 using a chopped optical source with chop frequencies between 4 Hz and 31
Hz.
Detector time constants were measured at R f racs in the range of 0.4 to 0.9.
In order to validate the stray impedance model in Sec. 5.1.2, I compared the measured
values of τ for a subset of detectors on PB20.13.17 to the time constant equation:
τ=
τ0
L R0−RsR0+Rs +1
. (5.46)
The loop gain, L , can be retrieved from IV curves of PB20.13.17 using Eq. 5.35. Substituting Eq.
5.35 into Eq. 5.46 yields this equation for the time constant:
τ= τ0
[(
1−Rtot δIδV
1+(Rtot−2Rs) δIδV
)(
Rtot−2Rs
Rtot
)
+1
]−1
(5.47)
where I am using the total resistance, Rtot ≡ R0 +Rs. This is a two-parameter model that can be
used to predict the time constant of the TES given a previous IV curve measurement. The two
parameters of the model are Rs and τ0.
I fit the measured time constant data to this model using the previously measured IV
curves to obtain δIδV . The data and resulting fits are shown in Fig. 5.25. The retrieved values of τ0
are approximately 30 ms, which is consistent with our expectations based on their design. The
retrieved values of Rs are consistent with the Rs values measured using IV curves to within a few
percent. The model appears to accurately describe the electrothermal response time of the TES
as it transitions. Additionally, the expected time constant in the absence of stray impedance is
shown in Fig. 5.25. The model in Eq. 5.47 does not match the data well when the constraint
Rs = 0 is imposed.
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Figure 5.25: Measured time constants for nine detectors are plotted as a function of fractional
resistance in black. The vertical extent of the black lines represent the uncertainty of the time
constant value. The blue line is a fit of the model in Eq. 5.47. The orange line shows the
prediction of the model in Eq. 5.47 when the constraint Rs = 0 is imposed. Clearly, the model
that allows for a nonzero value of Rs is a much better fit to the data. Note that using a larger
value of τ0 for the orange line will not prevent the model from crossing τ= 0 nor will it change
the fractional resistance at which the crossing occurs.
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5.4 Conclusions
Characterizing TES parameters was a key task in ensuring that SA would not be limited
by detector performance. TES parameters were measured in dark conditions in a test cryostat and
the PB-2b receiver. In order to accurately interpret the results of TES measurements, the author
developed a model of stray impedances in the DfMux cryogenic circuit and used that model to
calibrate the measured data. This model was used to characterize PB-2a and PB-2b detectors.
In order to understand the impacts of stray impedance on TES behavior, the small-signal
response of the TES in a model with stray impedance was studied. It was shown that a stray
series resistance increases the TES responsivity, increases the TES time constant, and creates a
mechanism for instability. The dependence of the TES time constant on the model parameters
was derived and shown to agree with data.
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Chapter 6
Simons Array Status and Path Forward
6.1 PB-2a Deployment
PB-2a was deployed to Chile in November and December of 2018. Pictures of the
deployment are shown in Figs. 6.1-6.3.
During the deployment I performed the room temperature electrical verification of the
cryogenic readout circuit that is described in detail in Sec. 4.2.5. The result of this verification
was that 97% of the multiplexing circuits were properly connected, which was considered an
acceptable yield. The remaining 3% had problems that were not reparable without significantly
disassembling the detector module, which presents significant risk of causing further damage. A
picture of the detector wafers installed in the POLARBEAR-2a receiver is shown in Fig. 6.1.
I also built and installed the PB-2a saddlebags during this deployment. Pictures of the
saddlebags taken during and after the PB-2a deployment are shown in Figs. 6.2, 6.2, and 6.4.
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Figure 6.1: A picture of the POLARBEAR-2a receiver during its deployment to Chile, taken in
November 2018 by the author. We are looking down the boresight of the optics tube before any
of the optical elements have been installed. The seven detectors wafers are installed and can be
seen.
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Figure 6.2: A picture of the POLARBEAR-2a telescope with two saddlebags installed taken in
November 2018 by the author.
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Figure 6.3: A picture of the POLARBEAR-2a telescope with all four saddlebags installed. This
picture was taken in November 2019. Image credit: Lindsay Lowry.
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Figure 6.4: A picture of the POLARBEAR-2b telescope with all four saddlebags installed. This
picture was taken in November 2019. Image credit: Daisuke Kaneko.
6.2 PB-2b Commissioning
The last in-lab cooldown of PB-2b took place from June to November 2019 at UCSD.
The receiver has been validated and will be deployed to Chile in early 2020.
To provide site-like conditions, we installed all of the readout and control electronics
into replica saddlebags in the same layout that we plan to install them in the field. The replica
saddlebags have the same dimensions as the actual saddlebags and use the same electrically
isolating polycarbonate electronics rack. We paid careful attention to grounding, providing
separate ground paths for the readout electronics and auxiliary electronics. Proper grounding has
been shown to be very important for readout noise performance. In order to achieve the proper
grounding configuration, we also installed fiber communications to carry the 10 MHz clock signal
and the IRIG-B signal to the readout and auxiliary electronics, identically to how this is done on
the telescope.
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There were a number of criteria enumerated that needed to be met in order to consider the
cooldown a success. The criteria include validation of the CHWP operation, detectors, receiver
optics, SQUIDs, and receiver vibrational response. The detector validation is covered in detail in
earlier chapters. Receiver optics were validated by measuring detector beams and looking for
truncation from the Lyot stop. The truncation appeared where expected, so this was a success.
Receiver vibrational response was measured at room temperature and at cryogenic temperatures
and the result is that we will likely need to modify the focal plane tower to be less susceptible to
vibrational heating. The SQUID performance has been measured and the data will be used to
determine the best SQUIDs and the proper polarity to install them with.
Photos of the assembly process and of the CHWP encoder signal during it’s first spin in
the PB-2b receiver are shown in Fig. 6.5.
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Figure 6.5: Pictures of the assembly and commissioning of the PB-2b optics tube and CHWP
taken by the author. Top right: The collimator lens and RF shield has been installed. Top right:
The CHWP is being installed. Bottom left: The cryogenic parts of the optics tube are fully
assembled, except for the RT-MLI. The visible off-white piece is the alumina filter. Bottom
right: The first spinning of the CHWP in the PB-2b receiver. The oscilloscope is reading the
signal from the CHWP encoder. The CHWP is spinning stably at 2 Hz.
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